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ABSTRACT 
 
 
Surface energetics play an important role in processes on the nanoscale. Nanowire 
growth via vapor-liquid-solid (VLS) mechanism is no exception in this regard. Interfacial and 
line energies are found to impose some fundamental limits during three-phase nanowire growth 
and lead to formation of stranded nanowires with fascinating characteristics such as high 
responsiveness towards ion irradiation. By using two materials with a relatively low surface 
energy (indium and silicon oxide) this is experimentally and theoretically demonstrated in this 
doctoral thesis. 
 
The augmentation of VLS nanowire growth with ion bombardment enables fabrication of 
vertically aligned silica nanowires over large areas. Synthesis of their arrays begins with a thin 
indium film deposited on a Si or SiO2 surface. At temperatures below 200ºC, the indium film 
becomes a self-organized seed layer of molten droplets, receiving a flux of atomic silicon by DC 
magnetron sputtering. Simultaneous vigorous ion bombardment through substrate biasing aligns 
the growing nanowires vertically and expedites mixing of oxygen and silicon into the indium. 
The vertical growth rate can reach up to 1000 nm-min−1 in an environment containing only argon 
and traces of water vapor. Silicon oxide precipitates from each indium seed in the form of 
multiple thin strands having diameters less than 9 nm and practically independent of droplet size. 
The strands form a single loose bundle, eventually consolidating to form one vertically aligned 
nanowire. These observations are in stark contrast to conventional VLS growth in which one 
liquid droplet precipitates a single solid nanowire and in which the precipitated wire diameter is 
directly proportional to the droplet diameter. The origin of these differences is revealed through a 
detailed force balance analysis, analogous to Young‘s relation, at the three-phase line. The 
liquid-solid interfacial energy of indium/silica is found to be the largest energy contribution at 
the three-phase line with 670-850 mJ-m-². Our analysis further reveals the existence of an 
additional force at this line that behaves as a negative line tension (or line energy). Its 
contribution is relatively small, but important for stable and small nanowire growth. The value of 
the line tension lies in the range of -0.1 to -1.0 nJ-m-1. 
Spontaneous alignment of these stranded, free-standing wires toward a source of 
directional ion irradiation is proposed to be driven by local surface area minimization. An 
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intuitive model for this is provided and experimentally verified through post-growth 
reorientation of nanowire patterns over a wide range of angles with standard focused ion beam 
instrumentation. Ion-induced orientation control and modification of nanowire arrays might 
prove to be a powerful method for nanoscale surface engineering, potentially leading to surfaces 
with well-organized anisotropic topographies.  
Another potential application of aligned silica nanowires as templates for highly textured 
electrodes in lithium-ion batteries is also discussed. As textured thin films are expected to 
provide better cycle life and enhanced charge transport, their electrochemical performance is 
compared to planar thin films of equal mass using two secondary materials (amorphous silicon 
and lithium manganese oxide). Both materials are applied directly onto the wire arrays by 
conventional deposition tools and galvanostatically cycled against metallic lithium. Textured 
silicon films, for use as negative materials, show improved capacity retention compared to planar 
thin films. Capacity fade is found to be relatively constant at about 0.8% per cycle over 30 
cycles. Significant charge trapping occurred due to massive formation of a solid-electrolyte-
interface. Electrochemical cycling and impedance spectroscopy further demonstrate that kinetic 
and electrochemical behavior of the electrode is qualitatively similar for planar and for highly 
textured silicon thin films. Textured films of lithium manganese oxide (LiMn2O4), for use as 
positive materials, retain their unique texture after 30 cycles, as verified by scanning and 
transmission electron microscopy. Some accelerated capacity fade is however observed and 
attributed to chemical dissolution of the oxide material. Frequency-dependent impedances of 
textured oxide films are lower than those for planar films.  These findings suggest that thin film 
texturing can indeed enhance some of the material’s electrochemical performance characteristics 
and can be applied to a wide range of materials through use of appropriate nanostructured 
templates. 
 
 In summary, this dissertation outlines physical and chemical factors leading to the 
formation of free-standing and uniquely stranded nanowires. It also provides an outlook on how 
ion-induced nanowire bending and alignment could be exploited. Key technological advantages 
of the developed process are refractory nanowire growth at low substrate temperatures and the 
ability to form radiation-responsive nanowire arrays without the use of lithography or templates.  
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CHAPTER 1: Introduction 
 
 
 
1.1 Nanowires – General Aspects and Prospects 
 
 
Scientific and technological interest in nanowire growth and properties has moved 
alongside the emergence of nanoscience and nanotechnology; a field that deals with analyzing 
and manipulating matter on length-scales less than 100 nanometers in at least one dimension.  
On such small length-scales materials properties are expected to be different from bulk 
properties. Their exploration and utilization, often very challenging, is the underlying goal within 
the field of nanotechnology and the driving force behind nanoscience. 
 
Nanomaterials are often categorized by their microscopic appearance as this eases their 
scientific description and can relate to their desired function. Nanowires are one such 
subcategory that typically encompasses solid and cylindrically straight structures with nanoscale 
diameters and length-to-diameter ratios larger than one. One-dimensional structures, nanopillars, 
–columns, -rods, -fibers, and –strands are other descriptive terms that refer to the same basic 
geometric structure. 
 
Their characteristic length scales and simple geometric structure render nanowires 
suitable for a wide range of applications. A few selected examples include their potential use in 
integrated circuits [Bryllert, Ng, Nguyen, Schmidt2006], composites [Sigmund2006], chemical molecule detection 
and adsorption [Cui2001], and energy-harvesting and -storage applications [Chan2008, Diedenhof, Kelzenberg, 
Long, Peng2005, Taberna]. Yet the number of real-world applications is still limited because of some 
very specific challenges. For example, vertical semiconductor nanowires could reduce footprint 
and power consumption of integrated circuits through three-dimensional circuit design [Bryllert, 
Schmidt2006]. Successful device integration however requires e.g. low temperature processing (<400 
ºC) and precise morphology and orientation control of the nanowires. In another example, 
nanowire assemblies could improve commercial lithium-ion batteries and solar cells. Successful 
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implementation requires here the development of rapid and cost-effective growth techniques. In 
order to further explore and advance nanoscale science and technology, development of new 
nanomaterials and techniques is thus very important. 
 
This is also the underlying motivation for my study in which I firstly develop a new low-
temperature platform technique for nanowire growth that could be used for a wide range of 
applications, and secondly demonstrate a new type of nanostructured material with some 
surprising properties.  
 
 
 
1.2 Silicon Oxide Nanowires and Nanowire Arrays  
 
 
Earlier work on amorphous silicon oxide nanowires dates back to 1998 when Yu et al. 
reported for the first time the synthesis of random SiOx nanowire networks and their ability to 
emit blue light [Yu1998]. Since then, most reports on oxide nanowire synthesis have discussed 
growth of random networks and rather unusual nanowire assemblies [Pan2002].  
 
The usage of random nanowire networks however often limits engineering and device 
applicability. For that reason, aligned nanowire arrays of various materials are a current topic of 
scientific enquiry because they can alter the interaction of material surfaces with their 
surroundings in some powerful ways. Examples include for instance the altered interaction of 
solid surfaces with light [Kelzenberg, Diedenhofen, Peng2005], as well as altered fluid-solid interactions and 
tribological solid-solid interactions [Chu, Geim, Feng, Ahuja, Rosario]. They also exhibit interesting 
electronic and structural properties for their applicability to tasks such as field emission [Madaleno, 
Fang] and electrochemical energy storage [Chan2008, Green, Long, Taberna]. Established methods to form 
large-area arrays of aligned silicon-based nanowires include chemical etching [Peng2002], classical 
vapor–liquid–solid (VLS) epitaxy [Cao, Hannon, Kayes, Kikkawa, Yao], vapor–solid–solid (VSS) epitaxy 
[Wang2006], molecular beam epitaxy (MBE) [Schubert, Werner], hot-filament chemical vapor deposition 
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[Wong], laser irradiation [Pedraza, Tull], glancing angle deposition [Buzea], reactive and non-reactive ion 
bombardment [Green, Hsu, Kumaravelu, Ma, Robinson, Stubenrauch], and template-guided VLS growth [Eichfeld].  
 
While much effort has been devoted to studying nanowire arrays made of crystalline 
semiconductors for device applications, my study here focuses on nanowire arrays made of 
amorphous silicon oxide, sometimes also referred to as silica or SiOx. They exhibit useful optical 
properties and can provide layers having a very low refractive index, an important property for 
Bragg reflectors and anti-reflection coatings [Kuo, Xi]. They can also be coated with various 
materials to form metallic nanotubes or form composite structures with sub-micrometer 
dimensions [Wang2005]. A metallic coating renders them suitable for supported nanotextured 
electrodes in lithium-ion batteries [Taberna]. Or, as will be shown later in this work, coatings can be 
shaped during deposition, offering the potential to make field-emitting electrodes from a wide 
range of materials, such as those discussed by Fang et al. and Madaleno et al. [Fang, Madaleno].  
 
 
 
1.3 Outline and Statement of Objectives 
 
 
One objective of my work is to provide an in-depth understanding of the here developed 
nanowire growth technique. It is therefore important to comprehend the physical and chemical 
factors leading to formation and growth of silicon oxide (SiOx) nanowires which occur in a low 
pressure ambient, under concurrent energetic ion bombardment, and in the presence of a metallic 
liquid growth mediator. To fully explain this growth mechanism, I will shed light on 
i) the role of the individual process parameters, ii) the specific role of the concurrent ion 
bombardment, and iii) the underlying thermodynamic driving forces. 
 
A second objective of this work is to discuss implications and potentials of this nanowire 
growth phenomenon. In this regard, I discuss the universal limits of three-phase nanowire growth 
and the possibility of other three-phase material-systems showing similar growth behavior. This 
also includes a discussion of the potential applications of the as-grown nanowires as support 
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templates for a variety of highly textured thin films, or small-scale wire arrays. Electrochemical 
property measurements of highly textured thin films will be an integral part of this study. 
Properties such as internal resistance, life-time stability and energy density are experimentally 
determined and compared to the current state-of-the-art values in order to evaluate the 
applicability of such highly textured thin films for Li-ion-based energy storage.  
 
Consequently, I discuss in… 
…Chapter 2, experimental details for producing large-area aperiodic arrays of vertically aligned 
and high aspect-ratio silica nanowires; 
…Chapter 3, the underlying growth mechanisms by considering some thermodynamic and 
surface energetic considerations; 
…Chapter 4, one particular property of the as-grown oxide nanowires: their high sensitivity 
towards ion irradiation and its exploitation; 
…Chapter 5, the use of oxide wire arrays as templates for highly textured thin films with one 
potential application in nanostructured and high surface area anodes in lithium-ion batteries.  
Chapter 6 draws conclusions from my results and provides an outlook for future research.  
 
 
 
1.4 Work Published and Intended to be Published  
 
 
1) Low-temperature vapour–liquid–solid (VLS) growth of vertically aligned silicon oxide 
nanowires using concurrent ion bombardment, M. Bettge, S. MacLaren, S. Burdin, J.-G. 
Wen, D. Abraham, I. Petrov, E. Sammann, Nanotechnol. 20, 115607 (2009) 
 
2) Importance of Line and Interfacial Energies during VLS Growth of Finely Stranded Silica 
Nanowires, M. Bettge, S. MacLaren, S. Burdin, D. Abraham, I. Petrov, M.-F. Yu, E. 
Sammann. (submitted to J. Mater. Res. January 2011) 
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3) Highly textured amorphous silicon thin films as negative electrodes for lithium-ion 
batteries, M. Bettge, E. Sammann, S. MacLaren, S. Burdin, I. Petrov, M.-F. Yu, D. Abraham 
(publication expected early 2011) 
 
4) Fabrication, performance, and characterization of highly textured LiMn2O4 core-shell wire 
arrays as positive electrodes in lithium-ion batteries, M. Bettge, E. Sammann, S. MacLaren, 
S. Burdin, I. Petrov, M.-F. Yu, D. Abraham (publication expected early 2011) 
 
5) Energetic constraints during steady-state three-phase growth of one-dimensional 
nanostructures, M. Bettge, S. MacLaren, S. Burdin, D. Abraham, I. Petrov, E. Sammann, M.-
F. Yu (publication expected early 2011) 
 
6) Controlled bending and alignment of nanowire arrays by ion-induced surface area 
minimization, M. Bettge, S. MacLaren, S. Burdin, D. Abraham, I. Petrov, E. Sammann, M.-
F. Yu (publication expected early 2011) 
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CHAPTER 2: Experimental Growth of Stranded Silica Nanowires 
 
 
 
2.1 Liquid-Phase Mediated Growth of Silicon Oxide Nanowires 
 
 
For this new approach of growing nanowire arrays, I augment the common vapor-liquid-
solid method, with the well-established thin-film deposition technique of reactive sputtering.  
 
The vapor-liquid-solid mechanism, or in short VLS mechanism, was originally proposed 
by Wagner and Ellis in 1964 in order to explain crystalline whisker formation by chemical vapor 
deposition 
[Wagner]
. VLS growth is nowadays associated with directional solid growth from a 
liquid mediating phase that is supplied with the solid’s volatile precursor from a surrounding gas 
phase. It is depicted schematically in Fig. 2.1. Similarly to conventional chemical vapor 
deposition, the volatile chemical precursor serves as the feedstock for solid crystal growth. 
During VLS growth however, the precursor is first adsorbed and absorbed by an intermediate 
liquid phase up to supersaturation levels. Once the liquid phase is supersaturated, solid crystal 
growth takes place at the liquid-solid interface. A metallic alloy is typically employed as the 
intermediate liquid phase to grow crystalline semiconductor nanowires by the VLS mechanism. 
Processing is relatively straightforward, as thin metallic layers can be readily deposited by 
standard deposition tools and self-assemble quite naturally into nanoscale liquid seeds. Volatile 
chemical precursors are also commonly available in microfabrication facilities. Silicon 
nanowires, for example, can be grown from gaseous SiH4 or SiCl4 using liquid Au-Si alloy 
seeds. Their surface catalyzes breakdown of these precursors and thus enables release of 
elemental Si into the alloyed liquid seeds triggering nanowire formation. The preferred growth 
direction of Si nanowires is typically along the [111] direction, although diameter-dependent 
exceptions apply 
[Schmidt2005]
. Epitaxial growth of Si nanowires and fabrication of ordered wire 
arrays is generally possible with the appropriate choice of substrate. For further reading on the 
topic of VLS nanowire growth, it is helpful to consult some of the reviews that have been 
recently published on nanowire synthesis and VLS crystal growth 
[Schmidt2009, Wacaser, Wang2008]
. 
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The other technique, reactive sputtering, is typically employed to deposit solid compound 
thin films, such as AlN, TiN, or SiO2. The deposited films are formed by chemical reaction 
between the sputtered target material and at least one reactive gas constituent present in the 
vacuum chamber. One advantage over conventional sputter deposition is that film composition 
can be readily varied by partial pressure control of the reactive gases.  
 
Combining both techniques enabled synthesis of vertically aligned silicon oxide 
nanowires. I used a DC magnetron sputter source to deliver an atomic, rather than molecular, 
flux of silicon that eliminates the need for a catalytic liquid metal and thus for highly reactive 
and potentially hazardous precursors. With no need for catalysis, indium has been chosen as the 
liquid phase of the VLS system because of its low melting point and its low reactivity with 
oxygen 
[Tostmann]
. These properties of indium allow reactive compound growth of silicon oxide 
nanowires at temperatures below 200 ºC. At the processing temperature of around 190 ºC, a thin 
indium film becomes a self-organized seed layer of molten droplets, receiving atomic silicon 
from the DC magnetron sputtering source rather than from the gaseous precursors used in 
conventional VLS growth. In the presence of trace amounts of oxygen, oxidation of dissolved 
silicon occurs within the liquid indium droplet. The large heat of formation of the oxide drives 
the supersaturation that is necessary for VLS growth beyond the limits attainable for the 
reactants individually. I have further augmented this reactive VLS system with ion 
bombardment, thereby reducing solute surface segregation and providing enhanced mixing of the 
reactants, silicon and oxygen, with indium 
[Greene]
. All these processes are also schematically 
depicted in Fig. 2.2. 
 
Silicon oxide precipitates then from each droplet in the form of multiple thin strands 
having diameters less than 9 nm. These strands form a single loose bundle growing normal to the 
surface, eventually consolidating to form one nanowire. The vertical rate of growth reaches up to 
1000 nm-min
−1
 in an environment primarily containing argon and traces of water vapor. Particle 
bombardment at moderate energies (100-500 eV) also provides a directional influence guiding 
growth along the normal to the substrate without the use of epitaxy or template structures. The 
importance of particle bombardment on nanowire alignment is further discussed in Chapter 4. 
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An initial thin coating of silicon may be used to isolate the substrate throughout the 
growth period and to expose a controlled interface to the indium droplets that mediate growth. 
Suitable substrate materials may then include virtually any reasonably smooth, 200 ºC-tolerant, 
rigid or flexible material onto which a thin silicon film can be deposited. The key technological 
advantages of the developed process are nanowire growth at low substrate temperatures and the 
ability to form aligned nanostructure arrays, without the use of lithography or templates, on a 
wide range of substrates.  
 
 
 
2.2 Silicon Oxide Nanowire Growth Conditions 
 
 
To grow the silicon oxide nanowires, a gas mixture containing argon and traces of water 
vapor is passed through the chamber while the sample is heated. A negative electrical potential is 
applied to the silicon target of the magnetron, and results in a glow discharge that sputters the 
target, mostly ejecting neutral silicon atoms. A negative potential applied to the substrate extends 
the glow discharge towards the sample surface enhancing the concurrent flux of ions to the 
growth substrate. The latter provides energy and momentum to facilitate the processes necessary 
for aligned nanowire growth. Energetic particle bombardment occurs at both cathodes, but the 
sputter intensity is typically greater at the magnetron, where electron confinement boosts the 
attainable plasma density. A set of concentrically arranged permanent magnets right behind the 
magnetron sputter target induces this electron confinement. The flux of ions cannot only be 
increased by the deliberately applied negative potential. External magnetic fields can effectively 
confine electrons several centimeters away from the magnetron. The degree of electron 
confinement away from the magnetron also depends on the distance of the walls to the plasma 
and their surface properties. Coating of the chamber walls with a dielectric (such as silicon 
oxide) might lead to an increase in plasma density since the metallic and conducting chamber 
walls typically act as grounded anode.  
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The conjunction of VLS mechanism, reactive compound formation, and ion 
bombardment yields the self-aligned nanowires. Aligned silicon oxide nanowires can be found 
over the entire growth surface of the two-inch silicon wafer after processing. These structures 
grow normal to the surface up to heights of 10 µm with aspect ratios of the order of 60, as 
pictured in Fig 2.3. Areal densities averaging 0.3–50 µm
−2
 are typically obtained. By altering the 
growth conditions, structures can be obtained that are thin, lacy, and convoluted, or solid and 
straight.  
 
 
 
2.3 Chamber Design for Growth of Aligned Silicon Oxide Nanowires  
 
 
Nanowire arrays are fabricated in two different high vacuum chambers which are 
described in greater detail below. They both consist of little more than a pair of cold-cathode 
discharges facing each other. A DC magnetron target serves as one cathode while the other is the 
biased substrate. The magnetron sputter source contains a doped or undoped silicon sputter target 
(2-inch, or 3-inch, diameter, Kurt J Lesker Company, 99.999 % pure) which provides the flux of 
atomic silicon to the sample surface during wire growth. In both systems, the process ambient 
contains argon and traces of water vapor. Argon serves as the sputter gas and water vapor as the 
feedstock for oxygen necessary for the oxide wire growth. 
I designed and built the first vacuum system with the goal to allow quick sample turn-around for 
initial screening experiments. This system also allows the handling of two-inch wafers and is 
equipped with various in-situ deposition and gas-analyzing capabilities. An image and a 
schematic of this system are shown in Figs. 2.4 and 2.5. The subsequent Figs. 2.6 and 2.7 show 
its custom-designed sample stage and its implementation into the main growth chamber. 
Experimental conditions for nanowire growth in this particular vacuum system are summarized 
in Table 2.1. 
 
The second system, schematically shown in Fig. 2.8, allows single sample processing 
with enhanced process control. External electromagnetic coils (“Helmholtz coils”) enable 
 13 
 
independent control of ion flux and energy over a wide range. Ion flux and energy are very 
important process parameters and will be discussed in the subsequent sections of this chapter. 
The use of digital mass flow controllers improves gas handling as well. Detailed chamber 
characteristics are provided in an earlier publication by Petrov et al.
 [Petrov1992]
. Experimental 
conditions for nanowire growth in this particular vacuum system are summarized in Table 2.2. 
 
 
2.3.1 Design of vacuum chamber for initial screening experiments 
 
This vacuum chamber is designed to map out the parameter space for silicon oxide 
nanowire growth using a DC magnetron and its glow discharge as a source for atomic silicon and 
energetic ions. This experimental parameter space for silicon oxide nanowire growth is 
multidimensional and consists of several dependent process variables. Nanowire growth rate and 
morphology are strongly influenced by the flux of ions and neutral silicon atoms towards the 
growth surface, as well as by the incident ion energy. All three parameters in turn depend on total 
and partial gas pressures, magnetron sputter power, and the substrate bias. Substrate temperature 
is also an important factor as it affects gas kinetics and determines whether the growth mediator 
is in its liquid or solid state. 
 
My primary goal in designing this particular chamber was to access a wide range of 
process conditions. I also paid special attention towards in-situ deposition and gas-analyzing 
capabilities, because the effects of atmospheric contamination and gas composition were initially 
uncertain. This system provides now sample heating up to 450°C and a bias voltage up to 3 kV in 
a reactive plasma environment. Process controls and additional deposition capabilities for several 
inert and reactive gases were also added. A specialty wafer stage (Fig. 2.6) using a halogen 
reflector bulb for temperature and high voltage control in a reactive plasma environment are 
necessary to meet the requirements for wire growth. Wafer handling and protection of the 
insulators proved to be especially challenging during the design of this stage. The stage includes 
a halogen reflector bulb to heat the sample, a K-type thermocouple touching the rear sample 
surface to monitor its temperature, and insulating spacers allowing the sample to be biased up to 
several kilovolts with respect to the chamber walls. The magnetron is separated from the sample 
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by a distance of 50 mm. The base pressure of the vacuum system is 5 × 10
−7
 Torr. Argon, water 
vapor, and nitrogen are the major constituents of the residual vacuum. Substrates are usually 
two-inch diameter p-type silicon wafers with (100) orientation and 1–30 Ω-cm resistivity 
(Montco Silicon Technologies). Some experiments have been performed on stainless steel discs 
and on In2O3-SnO2 (ITO) coated quartz substrates. A thin (<150 nm) sputter-deposited layer of 
amorphous silicon has been applied to such substrates and, in some cases, to the native oxide of 
silicon wafers. For continuous and stable operation of a DC glow discharge, it is important to 
maintain some electronic conductivity between the biased surfaces and the external circuits. In 
order to form the seed-layer for nanowire growth via VLS mechanism, a thin layer (∼25 nm) of 
indium (or, on occasion, tin, gallium, or gold–indium) is predeposited prior to each experiment, 
either by DC magnetron sputtering or by thermal evaporation using an attached chamber. In all 
cases, the deposition of indium on silicon or its native oxide yields a discontinuous film 
consisting of droplets with diameters less than 500 nm. 
 
The chamber design also includes capabilities for wafer storage and wafer transfer 
between two DC magnetron sputtering stations and a miniature evaporator custom-designed to fit 
a 2¾”-flange. In-situ thermal evaporation and magnetron sputtering allows the deposition of 
alternative (and potentially air-sensitive) seed layers, other than indium. Strict budget control and 
the need to deposit potentially incompatible materials in-situ have have led me to this design of 
an economical and modular chamber layout.  
 
In summary, I implemented the following features into this vacuum growth system: 
• 3 separable deposition stations (1 therm. evap. & 2 sputter stations) 
• Manual pressure control of up to 5 different gaseous species 
• Temperature and bias controlled sample stage for PVD/CVD 
• Rapid temperature control using an exchangeable halogen reflector bulb for up to 450 °C 
with 75 W; thermocouple attached to backside of wafer 
• Insulator protection against deposition 
• HV lead protection of up to 3 kV in reactive gas environment 
• Residual gas spectrometer for vacuum and reactant analysis 
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2.3.2 Vacuum chamber for optimized nanowire growth  
 
The second vacuum system is used for optimized nanowire growth, i.e. improved growth 
rates and nanostructure height. Nanowire growth is carried out in a DC magnetron sputtering 
system with an additional, externally-applied magnetic field for independent control of ion and 
neutral Si fluxes during deposition. By synthesizing nanowires in this vacuum chamber, I 
achieved taller growth (up to 10 µm) and higher growth rates (up to 1000 nm-min
-1
). The 
chamber base pressure is 3×10
−9
 Torr. The magnetron sputter target (undoped silicon), has a 
diameter of three inches and is separated from the substrate by 2.5 inches. The normal 
component of the permanent magnetic field of the magnetron sputter head exhibits ~1200 Gauss 
at the center pole and ~300 Gauss at the outer poles with a maximum parallel component of ~500 
Gauss in between the two poles. The external Helmholtz coils use iron pole pieces in order to 
create a uniform magnetic field along the horizontal axis. The maximum magnetic field in the 
vicinity of the sample holder is ± 600 Gauss. The negative and positive signs here refer to the 
anti-parallel and parallel direction of the magnetic field with respect to the outer magnetron pole. 
By using the Helmholtz coils, the DC magnetron operation can be continuously switched 
between balanced and unbalanced mode 
[Petrov1992]
. The sample is mounted in this vacuum system 
onto a planar substrate holder which can be moved in and out of the growth chamber through the 
load-lock system. A thin tantalum foil, slightly larger than the sample, is located right underneath 
the sample and serves as an electric heater. The electric current is passed through the foil when 
the substrate holder is connected to the permanently installed, male-type current feed-through. 
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2.4 Figures 
 
 
Figure 2.1. Schematic of conventional (chemical) VLS growth which is often employed to grow crystalline 
semiconductor nanowires. 
 
 
 
Figure 2.2. Schematic diagram of the main processes that occur at the liquid indium droplet surface during plasma-
enhanced VLS growth, when gases are supplied, the magnetron power is switched on, and the substrate bias is 
activated. All the processes contribute to the supply of the two key reactants, oxygen and silicon, to and into the 
droplet. As a result, amorphous silicon oxide nanostrands are emitted from the droplet. 
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Figure 2.3. Silicon oxide nanowires after several minutes of growth: (a) view tilted 30◦ off normal, (b) cross-
sectional view of a different sample, (c) close-up of a droplet and a nanowire consisting of several precipitated oxide 
strands; the imaged area is from the upper left of (b). 
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Figure 2.4. Custom-designed and –built vacuum system used for initial screening experiments. Load-lock on the left 
allowed wafer handling and storage without breaking the vacuum. The main growth chamber is located towards the 
right. 
 
 
Figure 2.5. Schematic top-view of the high vacuum chamber used for the initial screening experiments. The system 
consists of three main compartments, isolated from each other by gate valves. From the left: Wafer storage and load-
lock; custom-built miniature thermal evaporation station with a retractable and isolatable evaporator; main growth 
chamber. The main growth chamber consists of an additional compartment that allows in-situ indium deposition by 
magnetron sputtering which is spatially separated from the growth compartment. The growth chamber is also 
connected to a differentially pumped residual gas-analyzer (RGA) to allow gas sampling during the experiments. 
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Figure 2.6. Custom-designed and -built sample stage for initial screening experiments. One of the key features is the 
halogen reflector bulb used for two-inch wafer heating. A single wafer can be loaded within the region constrained 
by the position of the wafer support which is located at the bottom of the stage, beneath the bulb. By moving the 
wafer support upwards, the wafer can then be clamped underneath the (stationary) bulb and thus be heated. The 
wafer support is electrically isolated from the rest of the stage and allows high-voltage biasing. A K-type 
thermocouple for temperature control attaches to the backside of the wafer once it is clamped beneath the bulb. 
 
 
 
Figure 2.7. Schematic of the growth compartment used for silicon oxide nanowire growth during initial screening 
experiments. The silicon growth surface faces the magnetron sputter target and is heated by the halogen reflector 
bulb. The wafer support system is vertically adjustable to allow wafer handling. During growth, gases are supplied, a 
high bias is applied to the growth substrate, and the magnetron is powered. As a result a glow discharge spans the 
gap between sputter target and growth substrate providing a flux of energetic atoms to the growth surface. In this 
arrangement, nanowires grow within the vertical plane, from sample substrate downwards to the magnetron. 
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Figure 2.8. High-vacuum system used for optimized wire growth. Key features are the external electromagnetic coils 
that help guiding the glow discharge during magnetron operation towards the substrate surface. Sample holder is 
also electrically isolated from the main chamber and can be biased up to one kilovolt. In this arrangement, 
nanowires grow within the horizontal plane, from sample substrate towards the magnetron. Image courtesy I. Petrov. 
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2.5 Tables 
 
Table 2.1. Typical Process Conditions during Initial Screening Experiments for 
i) Indium Seed Layer Deposition, ii) Silicon Oxide Nanowires, and iii) Si/SiOx Composite Structures. 
  Partial Pressures of Gases 
DC Magnetron 
Conditions 
Substrate Conditions  
Process Time 
(sec) 
Temp 
(°C) 
Ar 
(mTorr) 
H2 
(mTorr) 
H2O 
(µTorr) 
Current 
(mA) 
Bias 
(V) 
Current 
(mA-cm-2) 
Bias 
(V) 
Comments 
i) indium 
predeposition 
 
100 -
300 
RT 29 -- <0.5 45 -330 N/M N/M  
ii) Silicon oxide 
nanowire growth 
 
500 -  
900 
190 38 0.0 - 2.0 20 40 -432 0.1 – 0.25 
-800 –  
-1000 
 
iii) Si/SiOx 
composite 
structures  
600 200 26 15.0 <0.5 0 0 0.1 -2300 
No Si deposition,  
sputtering only, 
Fig. 4.6 (a) 
6600 140 20 -- <0.5 50 -480 0.05 -120 Fig. 4.6 (b) 
6600 20 30 -- <0.5 50 -368 0.15 -1162 
Fig. 4.6 (c), used 
Ne instead of Ar 
1800 220 24 -- <0.5 50 -544 0.05 -92 Fig. 4.6 (d) 
“RT” indicates room temperature; “N/M” indicates that quantity was not recorded. 
 
Table 2.2. Typical Process Conditions during Improved Silicon Oxide Nanowire Growth. 
  
Partial Pressures of 
Gases 
DC Magnetron 
Conditions 
Substrate Conditions 
Process Time 
(sec) 
Temp 
(°C) 
Ar 
(mTorr) 
H2O 
(µTorr) 
Current 
(mA) 
Bias 
(V) 
Current 
(mA-cm-2) 
Bias 
(V) 
Ext. Magnetic 
field (Gauss) 
Silicon oxide nanowire 
growth 
500  180 5 30 45 -400 0.1 -500 +100 
The seed layer of indium (~50 nm) was deposited ex-situ by thermal evaporation.  
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CHAPTER 3: Growth Mechanism and Thermodynamic Considerations 
 
 
 
3.1 Discussion of Nanowire Growth Mechanism 
 
 
The nanowire growth mechanism can be understood by looking at the various stages of 
growth. By stopping the process after different time periods, a detailed chronology of the 
nanostructure evolution can be obtained, as shown in Fig. 3.1. Shortly after ion bombardment 
and silicon deposition begin, the contact area between each indium droplet and the substrate 
diminishes. After one minute, cross-sectional SEM reveals that most droplets remain connected 
to the substrate only by several fine strands. During the minutes of growth that follow, these 
strands, with diameters of the order of 5–20 nm, can be seen by TEM near the droplet bodies 
from which they are precipitated, as in Fig. 3.2, panels (c) and (d). Their diameters are 
independent of the size of the indium droplets. TEM observations also indicate that these strands 
are almost universally amorphous throughout the growth period. Electron energy loss 
spectroscopy indicates a significant amount of oxygen within the strands, confirming the 
expectation that they consist of silicon-oxide. The amount of oxygen is found to increase radially 
towards the side walls of these strands, possibly as a result of surface oxidation upon air 
exposure. Assuming that SiO2 represents the highest oxidation state of silicon, the distribution 
implies that the wire core, as grown, must consist of SiOx , with x < 2, which is in agreement 
with similar observations made by Pan et al. and Hu et al. [Pan2002, Hu]. The fine strands supporting 
the droplets become thicker as they accumulate additional material sputtered by ion and fast 
neutral bombardment from nearby surfaces and from the magnetron target. As long as the indium 
droplets are present at the tips and the plasma processing continues, the strands continue to grow 
normal to the substrate under the influence of the directional removal and supply of material. At 
the same time, the indium droplets continuously lose mass to physical sputtering. Subsequent 
redeposition of the sputtered indium on neighboring nanostructures leads to the incorporation of 
indium into the grown material, as can be seen in Fig. 3.2, panel (b).   
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Its presence has been verified by TEM methods, combining Z-contrast imaging and 
energy-dispersive x-ray spectroscopy. Eventually, the droplets vanish. If processing continues 
thereafter, the wires are exposed to direct bombardment, gradually shortening and thickening 
into stout cones (Fig. 3.1). The number density of nanostructures within the array also changes 
during processing. An example is given in Fig. 3.3. After a significant initial decrease (from 
more than 100 to about 50 μm−2) within the first minute after ignition of the glow discharge, the 
density of structures having an aspect ratio equal to or greater than unity drops continuously 
throughout processing. The initial decrease in density takes place just before lift-off, as a result 
of enhanced indium surface diffusion induced by energetic particle bombardment [Greene]. After 
lift-off, droplet ripening slows due to the increasing path length between droplets, while the areal 
density continues to dwindle due to the effects of sputter erosion.  
 
 
3.1.1 Effects of droplet size and density 
 
By control of the indium layer thickness, thermal annealing, and ion bombardment, the 
degree of ripening can be adjusted to offer some control over the droplet areal density. As in any 
ripening process, the areal density of droplets is related to the droplet size distribution. The 
droplet sizes are found to have their own significant impact on several aspects of growth in our 
system. Fig. 3.4 shows the heights of the nanowire bundles as a function of droplet diameter 
from several experiments, all measured after one minute of processing. The dashed line on the 
graph marks the approximate boundary of the cluster of data. Droplets smaller than about 30 nm 
in diameter are not observed, probably due to the combined effects of ripening and sputtering 
during the one minute bombardment period as well as the limited sample size. For larger 
droplets, there appears to be a relationship between height and droplet size along the boundary, 
suggesting that while there may be a variety of causes for growth to be slow or seem nonexistent, 
there also exists a maximum rate of growth that increases with droplet diameter. A similar trend 
has been observed by Givargizov and Kikkawa in their analyses of VLS growth [Givargizov, Kikkawa]. 
This trend appears to be typical of the VLS growth mechanism; however, the underlying 
mechanisms for such a trend might be different here. Unlike conventional VLS growth, in which 
there appears to be a clear correlation between the droplet and wire diameters, we find no 
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obvious relationship here between the diameter of a droplet and the diameter of the nanowire or 
the individual strands that are precipitated. The physical cause for this is related to the specific 
energetics at the three-phase line and will be discussed in detail in Section 3.3. The surface of a 
larger droplet might be expected to capture a greater amount of silicon and oxygen per unit time 
than the surface of a smaller sphere. Since the lateral dimensions of structures grown by large 
and small droplets appear to be similar, the greater collection rate of larger droplets yields a 
faster vertical growth rate of their structures. Not only do larger droplets have the potential for a 
higher maximum growth rate, they also tend to take longer to lift off. In fact, after 5–10 minutes 
of processing, no lift-off has been observed throughout our series of experiments for any droplet 
with a diameter greater than 30 μm (large droplets can appear where the indium coating has been 
scratched during handling). It is possible that these effects simply reflect the time required for 
supersaturation to build within the droplets. But once large droplets do give rise to growth, their 
greater masses survive longer before sputtering away. As the previously discussed chronology 
shows, the maximum height of each nanostructure is limited to its rate of growth integrated over 
the lifetime of its indium droplet. The larger droplets, having both longer lifetimes and 
potentially greater growth rates, have the greatest capability for tall growth. In general, our 
process can produce taller growth when areal densities are reduced by employing larger droplets. 
 
 
3.1.2 Effects of other parameters 
 
The nature and rate of growth are also affected by parameters other than droplet size and 
density. For example, the tallest growth for a given processing interval occurs near 180-190 ºC. 
At substrate temperatures closer to the melting temperature of indium (156.6 ºC), as well as at 
temperatures above 250 ºC, significantly less growth is observed. At the higher temperatures, the 
droplets appear to wet and ripen more, delaying lift-off. The composition of the gas environment 
affects the growth process in many ways. Inert gas represents at least 90% of the total pressure, 
and thus represents the main component of the bombardment reaching the sample. Argon has 
been used in most of our experiments, but tests with helium and neon confirm that the use of a 
lighter gas changes the relative sputtering rates for silicon and indium, extending the lifetimes of 
the droplets while retaining the other useful functions of bombardment. A more profound effect 
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is seen for the oxidizing component of the gas mixture. Oxygen enters the process through the 
residual vacuum of the apparatus, through the presence of native oxides on the silicon wafers, 
and through the deliberate introduction of water vapor or oxygen to the vacuum system. Starting 
from the level in the residual vacuum (5 × 10−7 Torr), deliberately introducing water vapor to a 
partial pressure of ׽10−5 Torr roughly doubles the nanostructure growth rate at constant silicon 
flux. However, excessive addition of water vapor leads to oxidation of the magnetron target and 
a marked decrease in growth rate. Greatly reduced growth also results when the available oxygen 
is deliberately constrained. This can be accomplished through in situ deposition of a sputtered 
amorphous silicon layer to bury the substrate’s native oxide, followed by in situ indium 
deposition to avoid atmospheric exposure. Two extremes are illustrated in Fig. 3.5. Qualitatively, 
growth is rapid and the nanowire bundles are skinny in the presence of water vapor. Since the 
growth of oxide nanowires cannot proceed without oxygen, this strong response to oxygen 
availability comes as no surprise. Similar behavior is observed in response to variations in the 
silicon supply rate, which can be changed by varying the magnetron power and the gas pressure. 
The silicon supply can also be affected by changing the intensity of the sample bombardment, 
because a significant amount of silicon is sputtered back onto the droplets from the substrate. 
When bombardment is present, some growth occurs by this mechanism even when the silicon 
flux from the magnetron is cut off. However, any changes to the bombardment intensity have 
wider consequences, affecting not only the rate of delivery but also the rate of incorporation of 
the reactants into the indium droplets. The combined effects can be demonstrated by holding the 
substrate bias at floating potential (−16 V) to drastically reduce bombardment. Under this 
modification of otherwise standard conditions droplet lift-off is significantly delayed, with most 
of the droplets (׽80%) not lifted off at all after 3 minutes of processing, and with some (׽20%) 
lifted off only a few tens of nanometers. Using the same conditions but allowing bombardment 
of the surface, all of the droplets lift off to heights of 100 nm after three minutes, revealing the 
significance of energetic particle bombardment to this low-temperature, noncatalytic process. 
Another way to influence the silicon and oxygen availability to the droplets is to adjust the 
amount of hydrogen present in the environment. Hydrogen is known to be a reducing agent, with 
an affinity for both oxygen and silicon. The growth rate is observed to decrease with increased 
hydrogen partial pressure. For example, under conditions with no added water vapor, a hydrogen 
partial pressure of 10 mTorr or above results in a growth rate below 20 nm-min−1, compared to 
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about 100 nm-min−1 with 2 mTorr hydrogen. The growth rate continues to decrease as the 
hydrogen pressure is further increased. 
 
 
 
3.2 Thermodynamic Considerations during Growth 
 
 
Multiple very fine strands growing from a single droplet are not commonly observed 
during standard VLS growth, but are observed in the present work as well as in the silicon oxide 
nanowire growth methods reported by Pan et al. and Zheng et al. [Pan2002, Pan2003, Zheng]. These 
methods share some common physics. According to the Gibbs–Thomson relationship, Eq. 3.1, a 
larger chemical potential is required for the growth of highly curved features such as nanowires 
than is needed for structures with small surface curvature. If μ0s denotes the potential of a solid 
having an infinite planar surface, and μs represents the potential of the same material with a 
surface curvature of radius r, then  
rss
  20
      (3.1) 
Here Ω is the molar volume of the solid and γ is its surface tension. The limits on nanowire size 
implied by this relationship for finite chemical potentials have been studied for some time 
[Kikkawa, Givargizov]. To establish the large supersaturations required for small radius growth, 
conventional chemical vapor deposition (CVD)–VLS processes generally rely on high chemical 
potentials in the environment, such as a high concentration of a reactive precursor. VLS 
variations that use physical deposition methods such as thermal evaporation or sputtering can 
build large supersaturations by delivering solutes to the sample having very low equilibrium 
vapor pressure. The large energy of formation during the oxidation of silicon offers an additional 
way to boost the supersaturation of the precipitating species over the supersaturation of the 
precursor material. Consider the generalized reaction for silicon oxidation: 
2Si + nO2 →2SiOn      (3.2). 
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Using thermochemical data for Si, O2, and SiO2 (quartz) from NIST [Domalski], and for SiO 
from Brewer and Edwards (particularly the section entitled ‘Thermodynamic Stability of 
SiO Solid.’) [Brewer], the free energies for Eq. 3.2 may be estimated for 190 ºC, yielding 
0
1G =-198 kcal-mol-1 and 
0
2G =-395 kcal-mol-1. Since the Gibbs free energy directly relates the 
chemical potentials of products and reactants at equilibrium, this represents a considerable boost 
of the free energy available for silicon oxide nanowire growth. Applied through the Gibbs–
Thompson equation under our conditions of growth, it would imply sufficient chemical potential 
for nanowire growth of atomic dimensions. Of course, this analysis, which ignores kinetics, is 
only part of the story. But it indicates why the reactive VLS growth of silicon oxide, as reported 
here as well as in Pan et al. [Pan2002] and Zheng et al. [Zheng], yields such fine, multiple strands, 
while conventional VLS growth typically does not. When oxygen and silicon are dissolved 
within the liquid indium droplet, reaction 3.2 competes with the oxidation of indium. Although 
full thermodynamic data were not found for all the oxidation states of indium, Pan et al. [Pan2002] 
addresses a similar issue regarding their gallium catalyzed silicon oxide wire formation. They 
argue that the bond energy of the Ga–O bond (285 kJ-mol−1) is lower than that of the Si–O bond 
(798 kJ-mol−1), so the production of the silicon oxide is favored at low concentrations of oxygen 
[Lange]. We expect that the In–Si–O system behaves similarly. The bond dissociation energy for 
In–O is 360 kJ-mol−1 [Lange]. Thus we expect silicon oxidation to proceed while indium oxidation 
does not. As long as sufficient silicon is present within the liquid phase, all available oxygen is 
then consumed by the silicon oxide growth. As a practical matter, in a production-oriented 
environment in which attaining low pressures of water vapor would sacrifice throughput, it might 
be very convenient to take advantage of the residual water contamination and put it to use. This 
reactive process does just that.  
 
 
 
3.3 The Role of Surface and Line Energetics on Nanowire Growth 
 
 
The vapor-liquid-solid (VLS) process is typically associated with directional growth of 
semiconductor whiskers and nanowires. Its basic mechanism has been understood for quite some 
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time [Wagner, Givargizov]; yet continued scientific and technological interest in growth of one-
dimensional structures has lead to a range of intriguing findings, theoretically as well as 
experimentally. Regarding the scope of this article, it is worth mentioning the recent theoretical 
work on the shape evolution of VLS-grown nanowires which is controlled by the action of 
surface and line energies [Givargizov, Schwartz, Li]. On the experimental side, growth of very thin 
silicon oxide strands from liquid gallium implies that a wide range of one-dimensional materials 
with different morphologies can be grown via the VLS mechanism [Schmidt2005, Pan2003].  
 
In contrast to crystalline semiconducting nanowires grown by the conventional VLS 
process, silicon oxide nanostrands are amorphous and have a significantly smaller diameter than 
the growth mediating liquid droplet which is often gallium, indium, or even tin [Pan2003, Zheng, 
Sunkara]. However, the most striking feature is the precipitation of multiple nanostrands from a 
single growth mediating droplet. This stranded nature of the nanostructures gives rise to flower-
like fiber assemblies and is very sensitive towards ion irradiation, as discovered recently. This 
will be discussed in Chapter 4. 
 
The unique nature of the wires is their stranded internal structure that reveals itself upon 
closer inspection (Fig. 3.6). A loose bundle of nanoscale strands forms a single “stranded” oxide 
nanowire which is connected to the substrate and terminated by an indium droplet at the tip. The 
indium droplet mediates the VLS growth of the individual oxide strands, and as they 
continuously precipitate from the droplet, they entangle and eventually form the stranded wire. 
The diameters of individual strands close to the droplet are 9 nm or less, and are remarkably 
independent of the droplet diameter. The ratio of wire diameter to droplet diameter is as small as 
~0.01.   
 
In this section, I intend to shed some light on the origin of the peculiar differences 
between liquid indium mediated growth of stranded silica wires and “conventional” crystalline 
VLS wire growth. The origin of these differences can be found at the three-phase line (TPL) 
where a relatively large liquid-solid (LS) interfacial tension together with a small but essential 
line tension simultaneously affect precipitation of individual silica nanostrands.  
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3.3.1 Force balance analysis 
 
We begin with a general force balance analysis at the TPL considering a spherically 
capped fiber in axisymmetric contact with a spherical droplet. Mechanical equilibrium is 
established if the interfacial forces (per unit length) at the TPL are balanced, as depicted in Fig. 
3.7. This yields the Neumann quadrilateral relation which is the extended Neumann triangle 
relation in the presence of a line tension (or line energy as it is sometimes termed) [Neumann]. Its 
axial (x) and radial (r) components are described in Eqs. 3.3a, b, respectively. 
 
cos sin sin / 0
sin cos cos / 0
S S L L LS LS x TPL
S S L L LS LS TPL
R
R
      
      
        
,   (3.3a, b) 
 
where γ refers to the involved surface or interfacial tension, and the subscripts L, S, and LS refer 
to the liquid-vapor, solid-vapor and liquid-solid interfaces, respectively. In addition, RTPL is the 
radius of the TPL, and τ is the line tension that is assumed to be constant [Schmidt2005, Amirfazli, 
Sivaramakrishnan]. Its force contribution, τ/RTPL, acts at the TPL and scales with the TPL curvature, 
becoming more important as the radius approaches the nanoscale. Its normal force component, if 
positive, is inward along the radial direction. Rotational symmetry around the x-axis is assumed. 
All interfacial tensions (γ) are positive, and 00L   must hold so that the droplet remains a 
sphere.  We assume isotropic surface energies, independent of curvature, and constant droplet 
volume. We also neglect any effects of solute and impurity concentrations on the relevant 
surface energy terms. The particular nature of the indium-silica droplet-strand system greatly 
simplifies the analysis because no crystal phases are present and because the indium droplet can 
be two orders of magnitude larger than the individual silica nanostrands.  
 
At steady state, the radii of fiber, liquid droplet, and TPL remain constant during growth. 
Thus 0,   ,  0S TPL S xR R    , and based on the geometry in Fig. 3.7, sin( ) ( / )L S LR R  , so 
2cos( ) 1 ( / )L S LR R   , where RS is the solid fiber radius and RL is the droplet radius (for  
φL < 90º ). The Neumann quadrilateral relation is then simplified to: 
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1 cos / 0
S
S L LS LS
L
S
L LS LS S
L
R
R
R R
R
   
   
            
   (3.4a, b) 
 
For any given geometry, we may define an effective interfacial energy *LS  and an effective 
contact angle *LS  of the liquid-solid interface so that * *cos cos /LS LS LS LS SR       and
LSLSLSLS  sinsin **  . We can thus obtain a straightforward equation describing the ratio of the 
two radii (RS / RL) from Eqs. 3.4a, b, using the trigonometric identity 2 2cos ( ) sin ( ) 1L L    to 
eliminate φLS:  
2 2 *2
2
S S L LS
L S L
R
R
  
 
          (3.5) 
 
Obviously, a physical solution for axial growth can only exist for 0 < Φ < 1. Precipitation of 
silica nanostrands yields a very small radii ratio, Φ ~ 0.01. For comparison, the ratio for 
conventionally grown germanium or silicon nanowires via gold is much larger - typically around 
0.8-0.9 [Kodambaka2006, Kodambaka2007]. At the lower limit where Φ approaches zero, several conditions 
must be satisfied for stable growth based on Eqs. 3.4a, b:  






0*0
*
*
900 LS
SLS
LLS



     (3.6 a, b, c). 
This means that the effective liquid-solid interfacial energy *LS  must be the dominant 
energy term in the three-phase system, and that the solid surface at LS interface must be convex, 
penetrating the droplet. In addition, 090L  , because an angle equal or larger than 90° would not 
satisfy mechanical equilibrium. The concept of a line tension τ analogous to a surface tension, 
but of either algebraic sign, originated with Gibbs who wrote “These lines [in which surfaces of 
discontinuity meet] might be treated in a manner entirely analogous to that in which we have 
treated surfaces of discontinuity" and "We may here add that the linear tension there mentioned 
may have a negative value." [Gibbs]. Others have commented extensively about the existence and 
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nature of line tensions [Amirfazli, Schimmele]. However, there are important differences between a 
positive and a negative line tension on fiber growth when Φ is small. If the line tension is 
positive (i.e. its force contribution at the TPL points radially inward), a small perturbation 
reducing the fiber diameter at the TPL would increase its force contribution. This would require 
φS to become negative to effectively reestablish the force balance and would thus result in 
inwardly tapered growth, and possibly fiber pinch-off. A similar argument holds that a small 
perturbation increasing the wire diameter would cause outward tapering of the fiber. Overall, 
fiber growth would be unstable due to this positive feedback mechanism. A stabilizing negative 
feedback can only be effectively established if the line tension is negative (i.e. its force 
contribution points at the TPL radially outward). In this case a small perturbation reducing the 
fiber radius at the TPL would decrease its force contribution which can be readily satisfied with 
φS becoming positive. This suggests that the line tension must always be negative for stable 
growth, at the limit of small Φ. 
 
With some additional manipulation, we find an analytical expression for the line tension. Solving 
Eq. 3.4a for φLS and applying the trigonometric identity 2 2cos ( ) sin ( ) 1L L   , we obtain
 2cos( ) 1 ( ) /LS S L LS      , which, when substituted into Eq. 3.4b, yields 
 
2
1 ² 1 S LL LS
TPL LSR
    
       
     (3.7) 
Eq. 3.7 describes the line tension contribution, τ / RTPL , only in terms of the interfacial energies 
and the ratio of the radii. 
 
The limits expressed by Eq. 3.5, in the absence of a line tension, i.e. Φ0 , may be best 
expressed by the three surfaces they describe in a parameter space of interfacial energies. Fig. 3.8 
depicts this space. Within this space, the condition 0 0  can be described as the volume 
outside of a cone with its apex located at the origin and its axis collinear with the LS -axis. The 
condition 0 1   can be described as the inside of a v-shaped trench whose bottom is the L S   
diagonal of the L S  – plane. Growth is only possible between these boundaries within the first 
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octant of the  , ,S L LS    space. The constraints at 0 0  are more restrictive than the simpler 
constraint of the triangle inequality, LS L S    , which is shown by the dashed line in the inset 
of Fig. 3.8. 
 
Consider growth near the limits just described. At the lower limit, 0 0  , where a thin 
wire is emitted from a relatively large droplet, one can readily see that LS L  and LS S  . The 
liquid-solid interfacial energy must consequently be the dominant energy in such a system. 
Although L  lies very close to zero for 0 0  , the constraint 0L   always applies, since the 
curvature of the droplet surface must be uniform at equilibrium. In addition, 0LS   in order to 
balance the force of S  in the x direction when L  lies almost entirely in the y direction, so the 
liquid-solid interface must be concave into the droplet. 
 
At the opposite limit, where 0 1  and wire is capped by a hemispherical droplet, two 
different cases occur. If S L   then the vapor-solid interfacial energy, S , also exceeds the 
liquid-solid interfacial energy, LS , and the solid is convex at the liquid-solid interface. If, on the 
other hand, S L  , then L is the largest interfacial energy of the system, and the solid is 
concave at the liquid-solid interface. In either case, the orientation of the vapor-liquid interface is 
restricted to 0 90L   , since an angle larger than 90º cannot satisfy mechanical equilibrium in 
the radial direction during stable growth, and, once again, the droplet curvature must be constant. 
Note that while the boundaries for 0 1   arise directly from the triangular geometry of the three 
force vectors (i.e., no side of a triangle can be larger than the sum of the other two sides), the 
boundary for 0 0   is a more restrictive constraint, representing the 0L   limit. 
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3.3.2. Estimation of interfacial and line energies 
 
With this basic understanding, we now seek to estimate the LS interfacial and line 
energies of fine silica strands in contact with liquid indium droplets. While the surface energy of 
liquid indium is known to be ~560 mJ-m-2 at its melting point [Lang], the interfacial energy of the 
indium-silica LS interface and the surface energy of solid silica are not readily available from the 
open literature, making direct calculation of the line tension impossible using the equations 
derived above. 
 
We solve this impasse in two steps. First, we use literature data from a mix of 
experiments, including two different geometries (“droplet-on-wire” and “droplet-on-plane”) and 
two different materials systems (gallium-silica and indium-silica) to evaluate the surface energy 
of silica as well as the indium-silica LS interfacial energy. The second step may then proceed in 
two ways: We may either directly apply the results of step one to Eq. 3.7 to obtain the line 
tension, given typical observations of droplet and strand size from our experiments, or we may 
apply our entire data set of strand and droplet sizes to Eq. 3.7, and allow the LS interfacial 
energy as well as the line tension to be adjusted for best fit to the data. This second method 
provides a better insight into the effects of both the LS interfacial energy and the line tension on 
the relationship between droplet and strand sizes, while the first method gives a more direct 
result. 
 
The first step begins with the results of Naidich et al. [Naidich], who compared the 
wettability of pure gallium and indium-rich (65 at.%) gallium droplets on a planar silica substrate 
and found only minor differences between the two equilibrium contact angles. We can 
consequently estimate the contact angle of pure indium on silica to be very close to that of the 
indium-rich gallium alloy on silica at the same temperature, i.e. about 126º. This angle can be 
used in Young’s equation for an indium droplet on planar silica to establish the direct 
relationship between γS of silica and γLS of indium-silica. As the indium-silica system is too 
rarely studied to allow us to get any data on γLS of indium-silica, we consider related interfacial 
studies involving silica to obtain its solid surface energy. For example, liquid gallium in contact 
with silica has been explored in two different studies with two different geometries: i) the 
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wettability of pure gallium in contact with planar silica was studied by Naidich et al., as 
mentioned previously [Naidich]; ii) Pan et al. reported stable growth of amorphous sub-
stoichiometric silica nanostrands from liquid gallium droplets [Pan2003]. Contact angle and γL for 
liquid gallium on planar silica are known to be 128º and ~710 mJ-m2, respectively [Lang, Naidich]. 
 
The combined application of Young’s equation with Eq. 3.5 for gallium in contact with 
silica eliminates the one unknown parameter, γLS of gallium/silica, and leads to a unique solution 
for the surface energy of silica, γS ≈ 350 mJ-m-² [Footnote1]. The above steps are also outlined in 
Section 3.3.3. The obtained γS value falls well within the range of reported surface energies for 
silica (200 to 550 mJ-m-²) [Livey, Tarasevich, Harding]. With γS finally determined, we can now solve 
Young’s equation for γLS of the indium-silica system. We obtain γLS,indium-silica ≈ 680 mJ-m-². It is 
worth noting that solving the surface energies for gallium in two different geometric 
arrangements provides a unique solution for γLS, circumventing what is typically a major 
challenge for surface tension measurements. We assume that γS is the same in all three studies, 
i.e. in ours, Naidich’s and Pan’s. We also presume the LS interfacial energies for each material 
system are invariant between the two geometries studied. Furthermore, the line tension 
contribution, τ/RTPL, on strands grown by gallium in Pan’s work is small. Assuming the line 
tension τ is comparable for In- and Ga-grown nanostrands, its effect must be approximately one 
order of magnitude smaller in Pan’s experiments than in our own, due to his larger TPL radius 
[Pan2003]. The effect of the line tension in Naidich’s work can also be neglected because of large 
droplet sizes [Naidich]. 
 
The line tension contribution for the indium-silica system can now be calculated 
according to Eqs. 3.4 a, b or Eq. 3.7. By using typical values for strand and droplet radii, 3 nm 
and 100 nm, respectively, we obtain a relatively small and negative value for the line tension 
contribution, τ/RTPL = -33 mJ-m-2. The magnitude of the line tension τ is thus -10-10 J-m-1. Also, 
the LS interface penetrates into the droplet at φLS = +29º. This is in agreement with the theoretical 
requirements outlined earlier. It is also important to recognize that Eq. 3.7 cannot be satisfied in 
the absence of the line tension contribution by using the derived interfacial energies alone. That 
is, VLS growth of fine silica strands from a large indium droplet is impossible without the 
influence of line tension. 
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In the absence of a line tension, a linear relationship between strand radius and droplet 
radius through the origin is required for steady-state growth according to Eq. 3.4, since τ = 0 and  
φS = 0.  The experimental data deviate significantly from this relationship, as shown in Fig. 3.9, 
where strand radii are plotted against the radius of the droplet to which they are attached. The 
sizes of the indium droplets and the corresponding nanostrands were measured by high-
resolution scanning electron microscopy (Hitachi 4800 SEM) and transmission electron 
microscopy (Jeol 2010F TEM). The average standard deviation of the strand radii is 0.4 nm. 
Since both radii are readily measureable, Eq. 3.7 can be used to numerically fit γLS and τ to the 
experimental distribution of strand radii as a function of the droplet radius. This is our second 
approach that additionally allows us to verify the interfacial energy and line tension quantities 
obtained with the first approach.  
 
As shown in Fig. 3.9, a good fit is obtained by presuming a negative line tension. A least 
squares fit of the entire data set yields γLS,indium-silica  = 850 mJ-m-2 and τr = -8×10-10 J-m-2, 
represented by the dashed blue curve. This line tension gives rise to a significant force at the TPL 
(-266 mJ-m-2 for a TPL with a 3 nm radius). The least-squares fit is in good agreement with the 
trend that uses the LS interfacial energy and line tension derived in the first approach, displayed 
as the dashed red curve for comparison. The two solid blue curves envelop the data and provide 
limiting values for the line tension for this data set. All of these curves were computed using γL 
and γS fixed at 560 mJ-m-2 and 350 mJ-m-2, respectively. The dotted black curve on the left hand 
side of Fig. 3.9 goes through the origin and represents the predicted linear behavior in the 
absence of any line tension with Φ = 0.8, which is a common value for gold mediated VLS 
growth of crystalline semiconductor wires.  
 
Exact measurements of the line tension are experimentally challenging. Our experimental 
line tension values fall however within one order of magnitude of each other, and are 
consistently negative and are on the order of -1 nJ-m-1. This magnitude is reasonable following 
the analysis proposed by Marmur which considered the line tension of a spherical droplet on a 
planar surface assuming only van-der-Waals interactions [Marmur, Amirfazli]. Using Marmur’s 
approach, the estimated line tension is around –4×10-10 J-m-1, assuming that the average spacing 
of the liquid and solid atoms is on the order of the liquid indium atom (~ 0.3nm). Also in another 
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relevant study, Schmidt et al. reported a line tension value of approximately -10-9 J-m-1 in their 
growth of crystalline silicon nanowires [Schmidt2005].  
 
In comparison to conventional VLS growth of semiconducting crystalline nanowires, it is 
somewhat surprising that continuous and stable growth of silica nanostrands less than 9 nm is in 
fact possible using a plasma-assisted, low-temperature VLS growth technique. Bombardment 
with energetic particles and shadowing effects should cause an unsteady supply of reactants 
through the liquid indium, while mechanical tangling of the wires must also perturb steady 
growth. Yet the presence of a negative line tension provides the necessary negative feedback to 
maintain stable growth of such small diameter strands, independent of the size of the indium 
droplet. 
 
 
3.3.3 Detailed calculation of the LS-interfacial energy for the indium-silica system 
 
The surface energies of liquid indium, ,L In , and liquid gallium, ,L Ga , are known, but no 
data are available for the interfacial energy in the indium-silica system, ,LS In silica  , or for the 
surface energy of silica, ,S silica . The latter can be obtained by using Young’s equation and  
Eq. 3.5 in combination for liquid gallium in contact with silica. The use of Young’s equation 
with the known contact angle leaves two unknowns (Eq. 3.8):  
 
, , ,cos( )L Ga Ga S silica LS Ga silica            (3.8) 
,LS Ga silica   can be obtained from Eq. 3.9 which originates from Eq. 3.5 in the absence of any line 
tension contribution, i.e. τGa = 0. 
 
 ,
2 2 2
, , , ,2LS Ga silica S silica L Ga S silica L Ga               (3.9) 
The symbol Φ represents again the ratio of the two radii: RS/RL; also ,LS Ga silica  is defined as a 
positive quantity. ,S silica  can then be calculated: 
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  
       (3.10) 
With ,S silica known, ,LS In silica  can now be obtained from Young’s equation (Eq. 3.11). The 
contact angle is again provided in Naidich’s work. 
 
, , ,cos( )L In In S silica LS In silica            (3.11) 
 
 
 
3.4 Derivation of the Generalized Force Balance with Line Tension 
 
 
3.4.1 Analytic expression 
 
For any given value of SR , we may define an effective interfacial energy LS  and an 
effective contact angle LS  of the liquid-solid interface so that cos cosLS LS LS LS SR       
and sin sinLS LS LS LS      . The ratio of radii has a familiar form, 
 
2 2 *2
2
S S L LS
L S L
R
R
  
 
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      (3.5) 
 
but the result depends upon SR  through its presence in the definition of LS  . Using the 
development provided below, a solution for the droplet radius may be found in terms of the wire 
radius: 
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                           (3.12) 
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The radius of a liquid droplet capable of generating a particular wire radius for a given set 
of interfacial energies and line tension can be expressed in closed form, as shown with Eq. 3.12. 
Beginning with the Neumann equations, 
 
 
sin sin 0
cos cos / 0
S L L LS LS
L L LS LS SR
    
    
   
        (3.13) 
 
and the implicit definitions of the effective interfacial energy and angle with line tension, 
 
 
sin sin
cos cos
LS LS LS LS
LS LS LS LS SR
   
    
 
 

      (3.14) 
 
we may express the sine and cosine of the effective interfacial angle as 
 
 
*
*
sinsin
coscos
S L L
LS
LS
L L
LS
LS
   
  




     (3.15) 
 
The trigonometric identity 2 2sin cos 1LS LS    then yields a solution for the quantity we define 
as  : 
 
 
2 2 *2
sin
2
S L LS
L
S L
    
         (3.16)  
 
which, from the geometric relationships shown in Fig. 3.8, is also an important ratio of radii: 
 
  /S LR R         (3.17)  
 
We now begin the elimination of the trigonometric functions from the expressions. From Eq. 
3.13a, we have 
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 sinsin S L LLS
LS
   
      (3.18)  
 
Substituting for sin L  using Eq. 3.16, 
 
 
2 2 *2
sin
2
S L LS
LS
S LS
    
       (3.19)  
 
so that 
 
 
22 2 *2
cos 1
2
S L LS
LS
S LS
    
     
    (3.20)  
 
Now, rearranging Eq. 3.14 yields 
 
 
*
*
sinsin
cos /cos
LS LS
LS
LS
LS LS S
LS
LS
R
  
   




     (3.21) 
 
Again, we apply 2 2sin cos 1LS LS    . Rearranging, 
 
 
2
2 *22 cosLS LS LS LS
S SR R
               (3.22) 
 
To simplify the presentation, define 
 
 S
v
R

       (3.23) 
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Substituting from Eq. 3.20 and Eq. 3.23 and rearranging, we have 
 
 
22 2 *2 2 *2
2 1
2
S L LS LS LS
LS
S LS
v
v
      
           (3.24) 
 
Squaring both sides and collecting terms, 
 
 
22 2 2 2 2 4 4 2 22
*4 *2
2 2 2 2 2
4 21 1 2 0LS S LS L S S L LSLLS LS
S S S
v
v v v
          
                             (3.25) 
 
This is a quadratic equation in *2LS , which we solve by the usual method to obtain 
 
 
  2 2 2 2 2 2 2 2 2 2 2 2*2
2 2
2 2L S LS S L S LS LS L L S LS LS L
LS
S
v v v v
v
              
               
  (3.26) 
 
Substituting this result into Eq. 3.16, applying Eq. 3.17, and using Eq. 3.23 to make the 
functional dependence on SR  explicit, we find 
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R
R R R R
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            
   
                            
  (3.27) 
 
From a detailed analysis of the roots of the denominator and the corresponding force vector 
diagrams, it appears that the positive sign in the denominator always yields nonphysical results, 
so only the negative sign should be used. Thus the final result becomes 
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                             
  (3.12) 
 
This expression for the droplet radius as a function of the wire radius expresses an 
interesting feature of VLS growth modified by line tension. While there is at most one droplet 
radius that satisfies the equilibrium conditions for stable growth of a given wire radius, a single 
droplet size can, in principle, support wires of more than one size. However, not every SR  that 
appears to satisfy Eq. 3.27 is a physical solution for a given LR , since some apparent solutions 
violate the 90LS    and 0L   constraints. 
 
 
3.4.2 Growth limits in the presence of line tension 
 
Rather than deduce the conditions under which stable growth is possible by examining 
the many solutions of Eq. 3.12, it is both easier and more enlightening to consider the relative 
magnitudes of the force vectors acting at the TPL. If the surface and interfacial energies are 
known, the magnitudes of three of the force vectors at the TPL are fixed. The fourth depends 
inversely on the radius of the wire. As we are considering only steady state growth, angle S  
must always be zero. Since the line tension acts in the plane of the three phase line, its resulting 
force, F , must be orthogonal to the S  force. For a given magnitude and sign of F , this leaves 
only the two angles L  and LS to be determined, if the angles can, in fact, be chosen to balance 
the forces. 
 
As an example, Fig. 3.10 shows vector diagrams of the forces at the TPL for the region of 
the  , ,S L LS    space where 0 0  . As shown in Fig. 3.10A, closure of the vector triangle is 
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impossible because 0 0   implies 2 2 2LS S L    , while the steady state growth conditions 
0S   and 0L   constrain the S  and L  sides to open no wider than a right angle. However, 
the addition of a force vector representing a negative line tension can make growth possible, 
provided that the magnitude of the vector, F , is no larger than is shown in Fig. 3.10B, and no 
smaller than is shown in Fig. 3.10C. Since the magnitude of the force derived from line tension is 
inversely proportional to the wire radius, the maximum force shown in part B of the figure 
corresponds to the minimum wire radius that can be grown for a given line tension. More 
generally, for every combination of positive S , L , LS , and nonzero  , there exists an absolute  
minimum wire radius that can be grown, corresponding to the largest F  that can be spanned by 
the remaining vectors. In practice, of course, other considerations, such as Gibbs-Thomson 
effects, may be significant in limiting small wire growth. 
 
The minimum F  for the 0 0  , 0   case shown in Fig. 3.10C corresponds to the 
maximum SR  that can be grown in steady state. Not all regions in  , ,S L LS    have a minimum 
F  requirement. Where 00 1  , no such limit exists.  However, in those regions where a 
minimum F  is required for growth, there exists a maximum SR  that can be grown, regardless 
of droplet size, corresponding to the required force. The minimum F  limit is encountered for 
very large /L SR R , when 0L   and the wire is normal to the droplet surface at the TPL. Note 
that this differs significantly from the conditions of conventional VLS growth.  
 
In addition, growth with a negative line tension in the 0 0   region is self-stabilizing. 
Although Gibbs-Thomson effects will drive the equilibrium point toward the largest stable wire 
radius, any perturbation away from the minimum F  condition will require equilibrium to be 
restored by an adjustment of the force vectors at the TPL. Since L  is determined by /S LR R , 
which cannot change instantaneously, the only accommodation possible is through a change in 
S . With a negative line tension, this change acts to counteract the perturbation in SR  that 
caused it, thus stabilizing the growth and preventing the ripening that would eventually cause a 
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single nucleus to overwhelm all others under more conventional conditions (i.e., 00 1   ). In 
the 0 0   region, then, it is possible to grow multiple thin nanowires from a large droplet or 
even a planar liquid surface in steady state. This may explain the curious results described by 
Pan et al. [Pan2002], where a dense mass of nanowires grew from a macroscopic gallium droplet. 
 
The above case represents only one example of how the line tension can influence the 
force balance. Example systems are shown in panels A and B of Figure 3.11, showing calculated 
wire radii as a function of the droplet radius in the presence of a negative and a positive line 
tension at the two limits, 0 1   and 0 0  , as well as for 0 0  . Note that in cases where the 
line tension is negligibly small, Eq. 3.5 requires that /S LR R  must be constant, so a linear graph 
of one vs. the other should yield a straight line passing through the origin. Against logarithmic 
axes, the graph should appear as a straight line of unit slope. However, if the line tension 
contribution is sufficiently large, substantial deviation from this linear behavior is expected. As 
evident in Fig. 3.11, deviations from linear behavior in the presence of a small, yet measurable 
line tension appear to be more significant and distinct during thin nanowire growth. At the 
opposite extreme, it may be impossible to detect the line tension experimentally for the case in 
which the wire radius is close to that of the droplet ( 0 1  ). In the example system chosen for 
Figure 3.11, in which 0 0.95  , the differences between the predicted wire radii are less than 
one nanometer. 
 
 
 
3.5. Experimental Observations on Sn Mediated Nanowires  
 
 
The theoretical predictions of the previous sections have more experimental support. 
Depending on the growth kinetics, we routinely observe single nanowires or bundles of 
nanowires precipitated from metallic droplets. An enlightening illustration of the influence of 
surface and line energies over nanowire growth is afforded by the simultaneous co-precipitation 
of two different types of wires with two different radii from individual tin droplets (Fig. 3.12). 
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Tin droplets are lifted off the substrate surface by both amorphous silicon oxide (thin wires) and 
crystalline silicon nanowires (thick wires). The inset portrays such a nanostructure by means of 
transmission electron microscopy (TEM). High resolution TEM and selected area diffraction is 
used to determine the wire structure. The experimental details of the growth process are given in 
the following section.  
 
 
3.5.1 Experimental details on the Sn mediated nanowires 
 
Growth using tin as liquid growth mediator is similar to the growth we reported 
previously using liquid indium for the precipitation of stranded silicon oxide nanowires. During 
growth, tin droplets intercept silicon atoms emitted from a silicon sputter source nearby. Water 
vapor added to the argon-containing low-pressure environment reacts with silicon dissolved in 
the indium droplets, precipitating silica strands from the droplet surfaces. The water vapor partial 
pressure and the flux of silicon determine the type of nanowire growth, whether one elemental 
silicon nanowire is emitted, co-precipitation of silicon and silicon oxide nanowires occurs, or a 
bundle of silicon oxide nanowires is emitted. Some variations are implemented for the 
nanostructure growth reported in Fig. 3.12: Prior to nanowire growth, a thin Sn coating of 30 nm 
is applied by ex-situ thermal evaporation to 2” silicon wafers (p-type, 1–30 Ω-cm, Montco 
Silicon Technologies). For nanowire growth, atomic silicon is sputtered from an undoped silicon 
magnetron target in an atmosphere containing only argon (5 Pa) and water vapor (0.4 mPa). The 
chamber base pressure is <0.1 mPa. The DC magnetron is run at 10 W and the substrate is held 
above the melting point of tin at 260 ºC (measured by K-type thermocouple attached to the 
growth surface). A bias of -1000V is applied to the substrate to promote mixing of the reactants 
into the liquid phase. The bombardment flux consists of energetic ions and neutrals with an 
average energy on the order of a few hundred electron volts. Complete suppression of oxide 
nanowire growth is achieved when no water vapor is added to the growth environment and the 
magnetron power is > 15 W. Complete suppression of silicon nanowire growth is achieved at 
water vapor partial pressures of > 4 mPa and low magnetron powers (~3 W). 
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3.5.2 Analysis of Sn mediated nanowire growth 
 
To analyze this peculiar growth, we plotted the silicon and silicon oxide nanowire radii in 
Fig. 3.13A and the radii ratio, /S LR R , in Fig. 3.13B as a function of the corresponding tin 
droplet radii. If 0  , then, according to Equation 3.5, we would expect a linear relationship, 
through the origin, between wire and droplet radii in Fig. 3.13A, and a constant ratio in Fig. 
3.13B. Clearly, this is not the case. We can, however, obtain a satisfactory approximation to the 
data with a least-squares fit using a negative line tension at the TPL. To fit the experimental data, 
only the liquid interfacial energy of tin is fixed at γL,Sn = 560 mJ-m-² [Lang]. 
 
The silicon oxide nanowire growth happens at radii ratios as low as ~0.05. The fit in Fig. 
3.13 is obtained by using the following values: γLS,Sn/silica = 670 mJ-m-², γS,silica = 370 mJ-m-² and 
τ = -4×10-7 mJ-m-1. These three values are qualitatively similar to the values reported for indium-
silica: the interfacial energy is larger than the other two interfacial energies, the solid interfacial 
and the line energy are close to the estimates in the earlier discussion. This combination of 
interfacial energies lies practically on the cone in the  , ,S L LS    space, with 0  = 0.004, just 
beyond the point at which growth becomes impossible without line tension at which 0  < 0. 
 
The silicon nanowire fit is obtained by using the following interfacial energies:  
γLS,Sn/silica = 1200 mJ-m-², γS,silica = 1160 mJ-m-² and τ = -3×10-6 mJ-m-1. Here, 0  = +0.17, so 
line tension is not necessary for growth, and its influence is not as significant. But it enlarges the 
nanowire radii to / 0.22S LR R  . 
 
The smooth curves calculated from the estimated energies give good agreement with the 
data obtained for the amorphous silicon oxide nanowires and fair agreement with the data for the 
crystalline silicon nanowires. The quality of agreement for crystalline silicon is simultaneously 
surprising and promising, suggesting that even crystalline nanowire growth may sufficiently be 
described from only an approximate knowledge of interfacial energies. 
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3.6 Figures 
 
 
 
Figure 3.1. Evolution of aligned nanostructures under the influence of energetic particle bombardment. Pictured 
structures are grown without supplemental water vapor, so their ultimate heights are limited. The schematics on the 
left are meant to emphasize some of the features observed during SEM observation. 
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Figure 3.2. TEM images of silicon oxide nanowires on a holey carbon grid. (a) Agglomeration of individual wires 
with indium droplets attached to the tips, (b) centre section of a silicon oxide wire with indium crystallites 
incorporated and attached, (c) multiple strands forming a nanowire attached to indium droplet, and (d) high-
resolution TEM image of the area highlighted in (c).  
 
 
 
Figure 3.3. Areal density of nanostructures. The strong initial drop is due to ion-induced island ripening. Once lift-
off takes place, the island density drops continuously due to physical sputtering. 
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Figure 3.4. Scatter plot of lift-off heights measured as a function of droplet diameter, after one minute of processing. 
The dashed line is included to draw attention to an apparent boundary of the data set. Symbols indicate different 
initial amounts of deposited indium. 
 
 
 
Figure 3.5. Cross-sectional views of in situ deposited indium on an amorphous silicon surface after one minute of 
processing. (a) Water vapor added. (b) No water vapor added. 
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Figure 3.6. Arrays of stranded silica nanowires after their ion-enhanced VLS growth. A) SEM image showing such 
an array at a tilt view angle of 55º. The nanowires are vertically aligned. B) Two stranded nanowires terminated by 
individual indium droplets revealing their internal structure: multiple entangled nanostrands connected to the 
droplet. 
 
 
Figure 3.7. Planar representation of the interfacial and line forces acting at the three-phase line of a droplet-fiber 
system. The force due to line tension is shown in reverse for improved clarity. 
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Figure 3.8. 3D-representation of the allowable combinations of surface energies. The space in which the allowable 
combinations can be found is confined to the volume between the semi-transparent conical surface, located in the 
front, and the inside of the v-shaped trench, oriented along the diagonal of the γSγL-plane. The inset at the bottom-
right shows in green the space of allowable combinations at a constant LS interfacial energy for enhanced clarity of 
the 3D-geometry. The dashed line represents the limit LS L S     of the triangle inequality. 
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Figure 3.9. Nanostrand radius at the TPL as a function of the indium droplet radius at stable growth conditions. 
Solid and empty circles show measurements using SEM and TEM, respectively. The displayed data on the abscissa 
are average radii of strands precipitated from a single droplet. The dashed and solid curves represent least squares 
fits that are obtained by using the line and interfacial energies indicated. The two solid curves represent solutions of 
Eqs. 2a, b for the minimum and maximum line tension required to envelop this data set. The red dashed curve 
represents, for comparison, the radius function for the line tension and LS interfacial energies derived for Φ = 0.03, 
chosen from the data element with 100 nm droplet radius. The position of Φ = 0.8 , typical of the gold-silicon VLS 
system, is represented for comparison by the dotted black line close to the left hand side of this figure. 
 
 
 
Figure 3.10. Vector diagram for forces at the TPL for 0 0  . A) Closure of the triangle is impossible because 
0S  and 0L  at steady state. B) Closure is possible when a force vector for a line tension is added, as long as
2 2 2( )L LS S F     . Angle L provides the flexibility required for closure. C) Closure remains possible for 
smaller line tension forces, provided that 2 2 2( )L S LSF     . 
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Figure 3.11. Distribution of the wire radii as a function of the droplet radius in nanometers. Physical solutions only 
exist for droplet radii indicated by the colored curves. Stable growth is impossible in other cases. A) 0 = 0.95 with 
L  = 1000 mJ-m-², S = 1000 mJ-m-², LS = 316.2 mJ-m-², and  = 10-6 mJ-m-1. Red curve indicates behavior in 
the presence of a negative line tension ( /S LR R  increases for small droplet sizes, which is experimentally 
observed); green curve indicates behavior in the presence of a positive line tension ( /S LR R  decreases for small 
droplets). B) 0 = 0.05 with L  = 1000 mJ-m-², S  = 1000 mJ-m-², LS  = 1378.4 mJ-m-², and  = 10-6 mJ-m². 
The light blue curve shows a second potential solution with a positive line tension in the limit of small-scale 
nanowire growth ( /S LR R  decreases for large droplets); dark blue curve shows the case in which the line tension is 
essential to balance the forces at the TPL and consequently fixes the nanowire radius ( /S LR R  increases for small 
droplets, and decreases for large droplets which is experimentally observed). The latter example is constructed so 
that 0  is -0.17 with LS  = 1529.5 mJ-m-². A value of 0.05 is then found for /S LR R at SR = 100 nm. The chosen 
interfacial energies resemble a typical inorganic materials system and the chosen line tension roughly averages the 
range of reported line energies [Amirfazli]. 
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Figure 3.12. Tin droplets mediating simultaneous precipitation of crystalline silicon and amorphous silicon oxide 
nanowires by SEM. The inset shows a TEM image. 
 
 
Figure 3.13.  The distribution of nanowire radii and the ratio /S LR R  follow the trends predicted.  
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CHAPTER 4: Ion-induced Modification of Silica Nanowires 
 
 
 
4.1 Nanowire Alignment and Bending 
 
 
Permanent bending and alignment of nanowires after growth has only a brief history in 
the literature. In 2002, Kamins et al. aligned randomly oriented nanowires using directed 
energetic ions 
[Kamins]
. In 2009, arrays of vertically aligned amorphous silica nanowires were 
grown via a vapor-solid-liquid (VLS) mechanism under the influence of directional ion 
bombardment 
[Bettge2009]
. In the same year, Borschel et al. bent crystalline semiconductor wires 
using ion irradiation 
[Borschel]
. Wire bending was observed both into the ion beam and away from 
it. A mechanism of vacancy and interstitial formation was proposed 
[Borschel, Ronning]
. In 2010, 
another very different bending technique was reported by Chu et al., who created residual 
thermal stresses in tall silicon pillars by angled deposition of gold 
[Chu]
. 
 
It is a well-known fact that a sphere offers less surface area, and thus less surface energy, 
than any other arrangement of the same volume. From this perspective, all other shapes are 
metastable objects. A new manifestation of this metastability is the spontaneous alignment of 
nanowires toward a source of directional ion irradiation. Here, expectations are experimentally 
verified and it is concluded that finely stranded silica nanowires are particularly radiation-
responsive. Selective reorientation of nanowires in patterned areas is demonstrated, as well as 
conformal coating of reoriented arrays with functional materials. These capabilities offer the 
prospect of exploiting engineered surface anisotropies in optical, fluidic, and micromechanical 
applications. Basic examples already exist in which vertically aligned nanowires modify the 
interaction of solid surfaces with light 
[Kelzenberg, Diedenhofen, Peng]
, fluids 
[Feng, Ahuja, Rosario]
, and other 
solids 
[Geim]
. With the ability to selectively reorient and align nanowires into specific directions, 
engineering of surfaces with patterned direction-dependent properties becomes possible. With 
patterning, functional devices exploiting these interactions may emerge. 
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 I consider here an approach toward controlled nanowire bending and alignment based on 
ion-induced surface energy minimization. The surface energy per unit volume for a long, thin, 
cylindrical wire is proportional to its length and inversely proportional to its radius. A 
redistribution of its mass that increases its radius and decreases its length will result in a lower 
energy configuration. Put simply, a driving force exists for wire shrinkage. But for solids far 
from their melting or softening points, additional energy must be provided to boost the mobility 
of bulk and surface atoms before such relaxation can occur at perceptible rates. If the energy 
required to excite the relaxation is proportional to volume, then the amount of surface energy that 
can be relaxed by a given amount of external energy will scale as the inverse of the wire radius. 
Nanowires, then, should be especially sensitive in this sense.  
 
When that external energy is supplied by directed radiation, relaxation may be stimulated 
at different rates on opposite sides of a wire, resulting in bending. For example, if the radiation is 
mostly absorbed before penetrating half-way through the wire, and if absorption stimulates a 
reduction of its surface area, then shrinkage should occur more rapidly on the side exposed to the 
beam than on the side shaded from the beam. That is, the wire should bend toward the source of 
the radiation. As exposure continues, the tip of the wire will eventually become parallel to the 
radiation flux. Continued bending below the tip will cause the previously-shaded side of the tip 
to be exposed, allowing relaxation on that side to straighten the end of the wire until it lies 
parallel to the incident flux. Eventually, almost all of the wire will align itself to the radiation 
axis, leaving only a sharp bend at its base.  
 
A flux of ions is the ideal stimulus for this purpose. More effectively than any other 
technique, ion irradiation provides localized heating and increased atomic diffusivity at the 
required length scales. Energy losses of hundreds of electron volts per nanometer of penetration 
depth are easily achieved, depending on target material, incidence angle, ion species, and ion 
energy. These energy transfer rates are unattainable by irradiation with photons or electrons. 
 
To respond efficiently to an ion flux, additional requirements apply to the nanowires 
themselves. The inverse dependence of sensitivity on radius, mentioned above, would demand 
the thinnest possible wires. For further enhancement, stranded wires, that is, wires composed of 
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bundles of fine strands, would allow even more surface energy to be available for a given bundle 
diameter, while creating impediments to heat transfer that would localize heating. To optimally 
exploit thermal effects as well as radiation-enhanced diffusion, the strand material should soften 
gradually, like a glass, to resist instantaneous melting during ion irradiation and thus 
uncontrolled deformation. As long as the strands tangle or connect at frequent intervals along the 
length of the bundle, shrinkage of part or all of the individual strands on one side of the bundle 
should bend the entire bundle. 
 
 It is possible to grow stranded silica nanowire arrays that embody all the desirable 
characteristics outlined above, using the plasma-assisted VLS technique presented in the earlier 
chapters and featured elsewhere 
[Bettge2009]
. As already described, droplets of liquid indium 
mediate the growth of these wires. These droplets intercept silicon atoms emitted from a silicon 
sputter source nearby. Water vapor added to the low-pressure environment reacts with silicon 
dissolved in the indium droplets, precipitating silica strands from the droplet surfaces. Individual 
droplets emit up to several tens of fine strands, each less than 10 nm in diameter. The strands 
grow, lifting the droplets from the substrate. Although they are emitted as a convoluted tangle, 
the strands from each droplet stay together, thicken on exposure to the growth environment, align 
themselves normal to the substrate, and form what is a single nanowire. The stranded internal 
structure of the wires reveals itself upon close inspection (Fig. 4.1). No changes have been 
observed in undisturbed samples of these structures in over three years, demonstrating their 
stability despite the extraordinary surface-to-volume ratios.  
 
 
 
4.2 Nanowire Alignment during Plasma-Enhanced VLS Growth 
 
 
The generally vertical alignment of the nanowires in Fig. 4.1 is a result of normal 
incidence ion bombardment during their growth. As confirmed by electrostatic plasma 
measurements 
[Petrov2]
, the growth environment exposes the nanowire array to a high flux (10
18
 – 
10
19
 ions-s
-1
-m
-2
, or 0.1 mA-cm
-2
)
 
of moderate energy (~500 eV) ions. This flux originates in the 
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magnetron plasma and derives most of its energy from an electrical bias on the sample. Without 
the bias, nanowire orientations are completely disordered, demonstrating that stranded silica 
nanowires are responsive to ion irradiation. 
 
At higher gas pressures, the flux of argon ions and fast neutral atoms reaching the sample 
surface can be much larger but less energetic than the sample current and bias would seem to 
suggest. Higher gas pressures were often used during the initial screening experiments (Chapter 
2). Because of the nearby magnetron discharge, the plasma potential is nearly the same as that of 
the chamber walls, so the potential accelerating ions toward the sample is the same as the sample 
bias. However, collisions within the plasma sheath (the width of the electron-depleted region 
between the bulk plasma and the substrate) cause the ions to transfer energy to neutral gas atoms. 
Combining basic gas kinetic theory with scattering cross-sections for argon tabulated by Phelps 
[Phelps]
, mean free paths can be calculated for ion-neutral charge exchange (Ar
+
–Ar
0
) and 
energetic neutral–neutral momentum transfer (Ar
0
–Ar
0
) collisions within the sheath. The sheath 
width may be estimated by the familiar Child–Langmuir formula 
[Chapman]
. Typical conditions 
during the initial screening experiments are given in Chapter 2 where j = 0.1 mA-cm
−2
 and the 
sheath width is about 20 mm. For particle energies ranging from 50 to 150 eV, the mean free 
paths are approximately 2 mm for Ar
+
–Ar
0
 and 50 mm for Ar
0
–Ar
0
 collisions. As a result, each 
positive charge will be carried by an average of ten different gas atoms while passing through the 
sheath, producing an average of nine fast neutral argon atoms and one ion reaching the surface 
without further collisions. The average energy of these particles on impact is thus one-tenth of 
the sample bias, or approximately 140 eV, while the bombardment flux is approximately ten 
times denser than would be estimated from the sample current. The sample current indicated in 
Table 2.1, Section 2.5, is an approximate measure of this ion bombardment flux.  
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4.3 Nanowire Alignment After Growth Using Focused Ga
+
 Ion Beams 
 
 
To observe their responsiveness to more energetic ion irradiation, nanowire arrays are 
subjected to 30 keV Ga
+
 ion beams at non-normal incidence, using focused ion beam (FIB) 
instrumentation. A typical result is shown in the cross-sectional SEM images of Fig. 4.2. Panel A 
of this figure shows an irradiated array near one corner of a cleaved silicon substrate. The 
irradiated region is deliberately chosen so that some of the original, vertically aligned wires 
remain unexposed to ions. These are visible toward the right side of this image. The inset 
magnifies the top parts of a few irradiated wires. Their orientations are well aligned with the 
incident beam and their tips are sharp and straight. The tip radii are comparable to the wire radii 
and typically around a few tens of nanometers. Several nanowires still possess small indium 
droplets at their tips which are not yet completely sputtered away. 
 
Panels B and C in Fig. 4.2 depict other, more magnified, cross-sections of the nanowire 
array before and after irradiation, respectively. For panel C, an array like that in panel B is 
exposed to an ion beam coming from the top right at an angle of 57º with respect to the substrate 
normal, as indicated by the red arrows. After a dose of 2.8*10
19
 ions-m
-2
, corresponding to only 
240 seconds of exposure at 30 keV and 28 pA, the wires are reoriented and well aligned along 
the incident beam direction. But only the top sections of the wires are perfectly reoriented, while 
the sections near the substrate are curved toward the substrate normal. 
 
Focused ion beams make patterning possible. In Fig. 4.3, two examples show how a 
focused beam can irradiate large areas in raster mode as well as nano- and micron-scale areas in 
the vector or “beam writing” mode. In panel A the irradiated area is translated across the surface 
by simply moving the sample stage, while in panel B, the stage is fixed and the irradiated area is 
defined by the beam deflection raster. Panels C and D give two examples of how functional 
arrays can be created by first aligning a silica nanowire array, and then conformally coating this 
template array with a functional material. For panel C, the use of a focused ion beam improves 
the alignment of as-grown silica nanowires prior to coating with amorphous silicon, producing a 
uniform array of silicon nanowires e.g. for use as a lithium-ion battery anode which will be 
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discussed in Chapter 5. For panel D, a 1-cm
2
 array of bent silica nanowires, grown on a 
transparent substrate, is conformally coated with amorphous SiO2, rendering the optical 
properties of this surface anisotropic. Of course, not only can the silica nanowire template be 
aligned before coating, as in panel D, but aligned sections can also be patterned. This capability 
could be particularly useful in applications such as microfluidics, where angled arrays with 
controlled chemistry can be used to alter a surface’s wetting characteristics 
[Chu]
, and patterning 
could be exploited to create engineered devices. 
 
 
4.3.1 Experimental details for bending 
 
Experiments are carried out using a FEI Dual Beam 235 focused ion beam (FIB) 
instrument equipped with a liquid gallium source. The ion gun accelerating voltage is set to 30 
kV. The beam probe diameter is specified as 7 nm using the 1 pA aperture. Different incident 
angles are adjusted by tilting the sample stage with respect to the incident ion beam. The regions 
of interest are irradiated in the scanning mode. The total fluence is readily calculated from 
current, time and total irradiated area, but the instantaneous ion flux depends on current and 
beam probe cross-sectional area. The current density here is assumed to be constant across the 
beam cross-section (1 pA – 8000 pA). Additional experiments with an inert-gas ion beam are 
carried out using a 5 keV Ar
+
-ion gun in an analytical scanning Auger microscope (Physical 
Electronics PHI 660) with a beam size of 1.5 mm. 
 
 
4.3.2 Experimental conditions for nanowire conformal coating 
 
Amorphous silicon is conformally deposited onto the wire arrays in the same vacuum 
chamber. The process atmosphere consists of only argon (2.7 Pa); substrate temperature is at 
room temperature.  Conformal coating is possible because of the small, inherent tapering of the 
nanowires that result from sputter effects. It can be improved by periodic tilting of the sample 
stage over a small angular range chosen according to the average height and spacing of the 
nanowires. Amorphous SiO2 is conformally deposited onto the wire arrays in a standard plasma-
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enhanced chemical vapor deposition tool (PlasmaTherm/Unaxis SLR730) at 250ºC. Precursor 
gases are silane, nitrogen, nitrous oxide and ammonia.  
 
 
 
4.4 Nanowire Bending 
 
 
Alignment of the wires is not instantaneous. The measured nanowire bending angles are 
directly related to the incident ion dose, or fluence, as shown in Fig. 4.4. Here, I define the 
bending angle Φb as the angle of the nanowire endpoints (tip and base) relative to the surface 
normal. This is depicted in the inset of Fig. 4.4, panel A. Data for three values of ion incidence 
angle are reported in the figure. Regardless of the incident angle, the bending angle approaches 
the incident beam angle asymptotically at high fluence, while substantial bending can already be 
observed at fluences on the order of 10
19
 ions-m
-2
, a dose attainable after a few tens of seconds of 
exposure over roughly 1000 µm
2
 in a commercial focused ion beam instrument.  
 
The smooth curves in both panel A and panel B of Fig. 4.4 were generated by fitting data 
to the model described in Section 4.6, which quantitatively relates the rate of asymmetric 
shrinkage of the wire to the ion bombardment flux it intercepts. Panel A, which shows bending at 
three different fluxes, reveals more than a decade increase in sensitivity to irradiation at a high 
beam current density, 20 mA-m
-2
, compared to the lower flux conditions. This is attributed to 
localized heating during ion bombardment, given that surface area relaxation can be a thermally 
activated process and that most of the ion energy is dissipated as heat.  
 
Panel B presents data regarding the shadowing effects of nearby nanowires. Shadowing 
retards the response to ion beams at large angles of incidence by preventing simultaneous 
exposure of all parts of the array. This effect appears in panel B as the difference in response to 
irradiation at 57º and 80º angles of incidence. However, when shadowing is minimized by 
starting the beam at 30º and advancing the angle in 10º increments after each exposure of 10
19
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ions-m
-2
 at the substrate floor, bending sensitivity is improved (see isolated datum for 80º 
without shadowing in panel B.  
 
The straightening effect of alignment is clearly visible in the error bars in Fig. 4.4. As-
grown wires show wide angular deviations, but as bending nears completion, the standard 
deviations of the angles become almost negligible.  
A remarkable feature of these silica nanowires is their ability to allow repeated 
reorientation. It is possible to orient the wires into one direction and then reorient them into the 
opposing direction (e.g. from Φb  to -Φb, with larger reorientation angles being also possible). 
The number of cycles over which this is possible depends on nanowire height and fluence. Ion 
irradiation of nanowires reduces their length. This is also discussed in the Section 4.6. 
 
 
 
4.5 Ion-Induced Surface Energy Minimization 
 
 
Heuristic arguments were offered in the introduction to this chapter to explain why 
nanowires of the sort described here should be expected to have the observed properties. Here, I 
cannot exclude entirely the possibility that other mechanisms are involved. However, a little 
detective work can show that surface energy relaxation is the dominant driving force and is 
induced by ion bombardment.  
 
Experimental data (Fig. 4.4, panel A) already suggest the presence of two principle 
effects on nanowire bending during exposure to ion irradiation. One effect drives deformation, 
while the second modulates its rate or the nanowire’s sensitivity. Bending occurs into the 
direction of the incident beam. This implies that the largest degree of shrinkage is found on the 
wire front, while elongation, if any, is found on the back. What kind of ion-induced mechanisms 
could cause this deformation? Action due to external forces can be disregarded immediately, 
because the nanowires deform permanently. Residual thermal stresses are unlikely because the 
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wire composition, and hence its thermal expansion, should be homogeneous. However some 
other possibilities exist.  
 
One such possibility, but an unlikely one, is ion implantation. Implantation could cause 
elongation and compressive stresses on the backs of the wires, depending on the relative 
projected ion range and wire size. However, occasional strand snapping on the backs of Ga
+
-
exposed wires, observed during high-resolution SEM, strongly suggests that residual tensile 
stresses are present. Furthermore, experiments with an Ar
+
-ion beam show that alignment can 
even be obtained using ions that readily diffuse out of the small strand volume, due to their inert 
nature. This suggests that implanted atoms are not responsible for the permanent deformation. 
 
Atomic reorganization by ion irradiation, on the other hand, is a more likely possibility 
and has already been identified to cause densification in amorphous SiO2. SiO2 gradually 
densifies by about 3% during irradiation, with the saturation density achieved at a total implanted 
energy as low as 10
29
 eV-m
-3
 
[Snoeks, Devine]
. However, this implanted energy is orders of 
magnitude lower than in our study. The lowest implanted energy at which the bending rate starts 
to decrease is more than 10
30
 eV-m
-3
; and continued bending is possible up to several orders of 
magnitude beyond that energy level, as can be seen in Fig. 4.4 
[Footnote1]
. Densification might 
cause some amount of shrinkage on the wire front side, but it cannot be the only mechanism.  
 
Additional mechanisms that could cause deformation include sputtering (i.e. local 
material removal) and vacancy formation 
[Ronning]
, potentially leading to the required strand 
shrinkage on the front side. However, while on a size scale of 10 nm and less these effects are 
practically indistinguishable from surface effects, they would not exhibit the flux dependence 
seen in Fig. 4.4. 
 
Does the surface energy of silica, estimated at ~ 0.35 J-m
-2
 in Chapter 3, provide 
adequate driving force for the observed bending? Direct measurement of the surface energy 
change during irradiation is not possible because sputtering and redeposition obscure these 
effects. However, thermal annealing experiments verify that strand shrinkage appropriate for the 
measured surface energy loss indeed occurs when sufficient thermal energy is present.  
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Wire annealing experiments were carried out in an ultra-high vacuum chamber with a 
base pressure of 5×10
−7
 Pa 700ºC and at 800ºC, for 10 and 17 hours, respectively. The first 
annealing step is carried out to reduce statistical variation of the strand diameters to allow for 
more accurate viscosity measurements. After the first annealing step, the average strand diameter 
is 12.2 nm with a standard deviation of 4.0 nm. The second annealing step yields an average 
diameter of 14.1 nm with a standard deviation of 2.3 nm. By enforcing conservation of the 
cylindrical strand volume, I can calculate a longitudinal strain (εL = -0.26) from the measured 
radial strain (εr = +0.16). The thermal shear viscosity is expressed as 3 Lη σ ε= ɺ . For a cylinder, 
the axial stress (σ) is γ/RS, with γ being the surface energy of silica (~0.35 J-m
-2
) and RS the 
strand radius. The strain rate is obtained from the longitudinal strain divided by the annealing 
time. The shear viscosity at 800ºC is then on the order of 10
12
 Pa-s. This is a reasonable 
approximation as long as the strand is long and its broadening and simultaneous shrinking are 
energetically favorable. 
 
After 17 hours of annealing at 800ºC, the average strand diameter increases by about 16% 
corresponding to length reduction of 26% at constant volume. Calculating the shear viscosity of 
individual silica nanostrands under the assumption that surface energy provides the driving force 
for shrinkage gives a value on the order of 10
12
 Pa-s at 800ºC, which agrees with the reported 
viscosity ranges for various silica glasses 
[Hetherington, Doremus]
. This verifies that surface energy can, 
indeed, provide the impetus for shrinkage of the sort believed to cause bending during 
irradiation. Given the limitations of other potential explanations, I conclude that surface energy 
provides the dominant driving force for bending. 
 
 
 
4.6 Mathematical Modeling of Bending 
 
 
Anticipating that the details of radiation absorption vs. angle and depth, the complexity of 
solving a partial differential equation, or the mechanics of a finite-element analysis will offer 
scant insight, an approximate analysis of bending and alignment is offered to capture much of the 
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basic behavior. This will however ignore the wire straightening that occurs with prolonged 
irradiation.  
 
Here, the wire is treated as a cylinder that bends uniformly along its length toward the 
source of radiation that is incident at angle inΦ , with maximum shrinkage on the side of the wire 
initially exposed to the flux, and none on the opposite side. At any instant t , the chord from base 
to tip of the wire (see Fig. 4.4 inset) describes a bending angle ( )b tΦ  with respect to its initial 
orientation, which is parallel to the surface normal, at 0t =  when irradiation begins. At time t , 
given an initial wire radius WR , and length 0L , the maximum fractional longitudinal contraction 
in the wire, or maximum longitudinal strain, max ( )tε , must be max 0( ) 4 ( ) /W bt R t Lε = Φ  to satisfy 
constraints imposed by wire geometry and its bending radius rb. The relationships are: εmax = 
2Rw/rb and rb = L0/2 Φb.  
 
Suppose a rectangular coordinate system is aligned with the initial wire location such that 
the z-axis lies along the center of the wire and the x-axis lies in the plane of bending, positive 
toward the center of wire curvature. Then during irradiation, an incremental volume element 
dxdydz  initially located within the wire at ( , , )x y z  must experience a longitudinal strain that is a 
function of its original x  location and time, according to  
 
( ) ( ) ( )max 0( , , , ) ( ) / 2 2 ( ) /W W W bx y z t t x R R x R t Lε ε= ⋅ + = + Φ    (4.1). 
 
Clearly, the strain rate is simply ( ) 0( , , , ) 2 ( ) /W bx y z t x R t Lε = + Φɺɺ . If elasticity is ignored and 
purely viscous flow considered in response to the compressive stress /S WRσ γ=  of surface 
tension γ  acting uniformly across the wire cross-section, then a position-dependent extensional 
viscosity ηext, 
 
0( ) / / 2 ( ) ( )ext S W W bx L R x R tη σ ε γ  = = + Φ 
ɺɺ     (4.2), 
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must exist in response to the asymmetric irradiation of the wire. (Note that the functional form of 
the x-dependence of the radiation-controlled viscosity is inferred as a convenient approximation 
to suit our prior assumptions, rather than obtain it from the position-dependent radiation 
absorption.) Extrapolating the work of Snoeks et al. down to our lower ion energy levels 
[Snoeks]
, 
the form of the shear viscosity dependence on ion flux should be /radη η φ= , where η  is the 
shear viscosity due to radiation in the affected region, φ  is the ion flux projected onto the wire, 
and radη  is a constant for a given incident species. Treating the wire as though it received a 
uniform projected flux over its entire length (to approximate the result of the partial differential 
equation we would otherwise confront), we have ( )sinin in bFφ = Φ −Φ  as the projected flux on 
the wire as a function of the bending angle. Here inF  is the ion flux measured in a plane normal 
to the beam axis. If we equate the radiation-controlled viscosity at the wire surface with the 
position-dependent viscosity required at Wx R= , presuming that the shear and extensional 
viscosities are related by the usual factor of three for Newtonian flow, we obtain an ordinary 
differential equation for the bending angle: 
 
 ( )02 sin12
in
b in b
W rad
L F
R
γ
η
Φ = Φ −Φɺ  (4.3) 
 
Given the level of approximation already applied, it seems quite reasonable to use the small-
angle approximation to the sine function, ( )sin in b in bΦ −Φ ≈Φ −Φ , to obtain the simplest 
possible solution, 
 
 
0
212
1
in
W rad
L F
t
R
b in e
γ
η
− 
 Φ = Φ −
 
 
  (4.4) 
 
This equation has no adjustable parameters. To assess goodness of fit to the experimental data, I 
first fit the generic form of this simple exponential settling equation to each data set, generating 
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the smooth curves shown in Fig. 4.4. With these results, the average values for the wire 
dimensions ( L  = 4.0 µm, WR  = 25 nm), the surface energy of silica (γ  = 0.35 J-m
-2
), and the flux 
indicated in Fig. 4.4 for each data set, I can estimate the value of radη  that best fits each set.  
 
The results are: 
a) For 22º bending (low ion currents): radη  = 4*10
27
 Pa-ions-m
-2
; 
b) For 22º bending at (ion currents > 20.0 mA-m
-2
): radη  = 3*10
26
 Pa-ions-m
-2
;
 
c) For 57º bending at (ion currents > 14.0 mA-m
-2
): radη  = 8*10
26
 Pa-ions-m
-2
; 
d) For 80º bending (ion current > 10.0 mA-m
-2
): radη  = 1*10
28
 Pa-ions-m
-2
; 
 
Snoeks et al. studied the ion-induced viscosity of silica under isolated and non-interacting 
ion bombardment events over a wide range of implanted energies per unit penetration depth (i.e. 
“maximum energy density deposited”) 
[Snoeks]
. Implanted energy densities can be approximated 
by Monte Carlo simulations using the well-known SRIM code 
[Ziegler]
. At normal incidence the 
implanted energy per unit penetration depth for 30 keV Ga
+
 ions is the lowest, ~1.3 keV-nm
-1
-
ion
-1
, with a corresponding radη of about 10
27
 Pa-ions-m
-2
 according to Snoeks. At glancing angle 
conditions, the implanted energy per unit penetration depth can exceed ~5.0 keV-nm
-1
-ion
-1
.  
 
It is apparent that the computed viscosity values above fall well into Snoeks’ range. Case 
(a), at low current and small angles, is the case most expected to follow the theory. Given the 
approximations in the model, the wide variations in wire dimensions within each sample, and the 
unknown degree of separation among strands (with possible hidden voids adding to the surface 
tension forces), the goodness of fit to Snoeks’ theory for case (a) is certainly closer than 
expected.  
 
The variation among the results offers further insights. Cases (c) and (d) were performed 
at large angles, where shadowing of one wire by another causes some of the ion beam to be 
absorbed by wires that are not part of the measurement area. Scattering of the beam is also more 
pronounced at large angles, reducing the asymmetry that drives bending. The asymmetry may be 
further reduced by near-normal incidence upon the wire sides at these high incidence angles, 
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leading to greater penetration through the wire cross-section. Overall, these effects result in less 
bending for a given fluence, and therefore a higher apparent viscosity. Cases (b) and (c), 
however, represent the highest flux conditions, where the ion beam of approximately 1 pA was 
focused into a spot approximately 20 nm in diameter, producing a power density of nearly 100 
MW-m
-2
 at the center of the beam. Some temperature rise in the wires is certain as this rastered 
beam scans by, but estimating the extent of the time-dependent heating is difficult, given the 
variations among the wires. If heating contributes to softening the wires, the apparent viscosities 
for (b) and (c) should be lower than for (a) and (d), as they, in fact, are. 
 
The mathematical analysis above stops with the wire uniformly curved, but as Fig. 4.2 
indicates, real wires straighten during alignment. Once the tangent to the tip bends beyond the 
incidence angle, the back of the tip can be exposed to the flux, allowing surface energy 
relaxation on that side, as well. Eventually, the entire wire will straighten from this exposure, 
leaving only a kink at the base. So while this model presumes no shrinkage on the side of the 
wire away from the beam, real wires must shorten significantly during alignment. Fig. 4.5 shows 
experimental data supporting this expectation. 
 
In summary, stranded silica nanowires are found to be quite responsive toward ion 
irradiation. Theoretical considerations and experimental observations link this newly observed 
property to ion-induced surface area minimization. We find that internally stranded nanowires 
made of glassy materials perform admirably in this application. The nanowires’ radiation 
sensitivity is demonstrated through controlled bending and alignment over large and small areas. 
Spatial control is achieved through a directional ion beam which naturally also provides a 
negative feedback control restricting the maximum bending angle to the incidence beam angle. 
The degree of bending toward the incident beam direction is directly related the ion dose. The 
bending rate can be enhanced via ion-induced heating when using energetic, tightly-focused ion 
beams. Successful alignment during plasma-based nanowire growth suggests that medium ion 
energies, on the order of a few hundred electron volts, also suffice to induce the required bending 
deformations. I anticipate that our observations can be put to good use in other structurally-
related materials systems. Spatially-dependent angular control of free-standing nanowires and 
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their assemblies might enable fabrication of anisotropic surface topographies and a new class of 
surface-based functional devices.  
  
 
 
4.7 Composite Structure Fabrication 
 
 
Silicon oxide nanowire arrays can provide a convenient starting point for subsequent 
coating with other materials, using essentially the same deposition system. If processing is 
stopped right after the disappearance of the indium droplets, high aspect ratio structures are 
obtained. Additional bombardment, without deposition, leads to the development of needle-like 
structures similar to those in Fig. 4.6, panel (a). Then, for example, silicon/SiOx composite 
structures can be formed by subsequent ion-assisted deposition of silicon. In Fig. 4.6, panels (b) 
and (c) show that the microscopic structure can be modified simply by changing the ratio of 
neutral silicon flux to energetic particle flux. In Fig. 4.6 (b), the ratio of neutral silicon to ion 
bombardment is significantly larger than in Fig. 4.6 (c). In Fig. 4.6 (b), limited rearrangement of 
the deposited silicon material leads to the formation of cotton-candy-like structures, whereas 
energetic particle bombardment and angular sputtering effects lead to the formation of rocket-
like structures in Fig. 4.6 (c). Starting from conical structures, subsequent silicon deposition can 
lead to straight rods similar to the structures in Fig. 4.6 (d). In all these cases, the final composite 
structures consist of amorphous silicon shells surrounding the SiOx cores. Macroscopically, the 
films shown in Fig. 4.6 (b) have a grey visual appearance, while those shown in Fig. 4.6 (c) 
appear as black, non-reflecting films, making them useful for applications in which light needs to 
be effectively absorbed or guided over a short distance. Of course, the range of materials that can 
be deposited onto the original oxide nanowires is by no means limited to silicon, as an example 
of a complex oxide material demonstrates in the subsequent Chapter 5. 
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4.8 Figures  
 
 
 
Figure 4.1. Silica nanowires grown by a plasma-enhanced VLS mechanism. The image on the right depicts a section 
of an array of vertically aligned nanowires. The inset section on the left depicts a close-up view of one of the 
nanowires found on the right. The substrate is tilted by 30°. The bundles of individual strands forming each 
nanowire are clearly visible beneath the indium droplets. Up to a few tens of strands can form from a single 
nanowire. Individual strands have diameters of less than 9 nm immediately beneath the droplet. The scale bar is 100 
nm for the inset.  
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Figure 4.2. Demonstration of bending and alignment of silica nanowires using FIB instrument. A) SEM cross-
section is taken along the cleaved edge of a silicon wafer. The edge is rotated by 45° with respect to the electron 
beam. The oxide nanowires pointing towards the left are deliberately bent to an angle of 57° with respect to the 
substrate normal, using a focused Ga
+
 ion beam (30keV, 6.2*10
19
 ions-m
-2
). Intentionally confining the ion beam to 
the corner of the wafer prevented a few nanowires, located towards the right, from being irradiated. Their 
characteristic feature is their growth orientation, approximately along the substrate normal. The inset in the upper 
left-hand corner depicts a magnified section of a few irradiated nanowires, well aligned with the incident ion-beam. 
B/C) SEM cross-section along the edge of a silicon wafer, showing arrays of unexposed (B) and irradiated (C) oxide 
nanowires.  
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Figure 4.3. A/B) Patterning and writing using focused ions: A) Stripe of bent oxide nanowires within an array of as-
grown wires. Bending angle is 80° at 30keV after a fluence of 5.2*10
19
 ions-m
-2
. B) Rectangular pattern within an 
array of as-grown wires. Bending angle is 22° at 30keV after a fluence of 2.2*10
18
 ions-m
-2
. The SEM stage is tilted 
by 45° in both parts A) and B). C/D) Examples of how aligned oxide nanowires can serve as templates for other 
materials: C) SEM view at a large area array of oxide nanowires coated with amorphous silicon by directional 
sputter deposition. D) Bent oxide wires conformally coated with SiO2 by CVD. Bending angle is 50° after exposure 
to 30keV Ga
+
 ions at a fluence of 5.6*10
18
 ions-m
-2
. The SEM stage tilt is 45° and 30° in panels C) and D), 
respectively.  
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Figure 4.4. Dependence of the nanowire bending angle (defined in the inset to A) as a function of the incident ion 
fluence during irradiation from a focused beam at three different incident angles. The reported fluences are 
measured in the plane perpendicular to the beam axis. A) The incident angle is set to 22º at three different current 
densities. Nanowire bending occurs gradually as the fluence increases. Above a certain current density, the rate of 
bending rises with increasing beam current density. B) The incident angle is set to 57º and 80º. An improved 
sensitivity is achieved by incrementally increasing the incident beam angle (in 10º steps) up to 80º in order to avoid 
wire shadowing (solid symbol, single datum). In panels A) and B), smooth curves are generated by the model 
described in the Section 4.6. The error bars represent the standard deviations of the angular distribution of the 
measured wires.  
 
 
Figure 4.5. Silica nanowire length as a function of ion fluence, measured from substrate level up to the nanowire tip 
using a straight line. Nanowire length averages 4µm before ion exposure. The length of wires bent at 22º follow 
similar trends; the trends are removed to improve figure clarity. 
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Figure 4.6. Nanostructures and microstructures: (a) ‘needles’—obtained by co-sputtering of indium and silicon 
followed by additional sputtering without deposition; (b) ‘cotton-candy’ grown by sputter deposition of silicon 
without substrate bias onto initial growth; (c) ‘rockets’—grown by ion-assisted sputter deposition of silicon after 
initial growth; (d) ‘rods’—grown by deposition of silicon after initial conical growth. 
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CHAPTER 5: Lithium-based Electrochemistry of Highly Textured Thin Films 
 
 
 
5.1 Motivation for Electrochemical Testing 
 
 
Energy density, power density, and cycle life are important performance characteristics 
for rechargeable batteries. Unfortunately, improving one often corrupts another, due to intricate 
physical and chemical constraints [Long]. One promising approach to relax these constraints is to 
employ three-dimensional, highly textured electrode architectures [Bagetto, Chan2008, Taberna]. 
Textured electrodes can provide large interfacial-area-to-volume ratios, improving charge 
transport and diffusion kinetics. Their built-in voids allow for mechanical strain compensation, 
preventing structural failure. And while gravimetric and volumetric energy densities are 
intensive material properties, the areal energy density is not. Thus, solid-state thin film batteries 
may also benefit from textured, more massive electrodes, provided they allow adequate charge 
transport [Xu]. Optimized charge transport for a given electrode requires both a large electrode-
electrolyte interfacial area for low charge-transfer resistance, and a straight conduction path 
normal to the current collector for low electrical resistance. For these reasons, aligned nano- and 
micron scale wire and pore arrays with high aspect ratios are desirable electrode architectures. 
Wherever the need for high volumetric capacity requires a ratio of filled to void space above 
unity, wire arrays offer more surface area than pore arrays of the same dimensions, making them 
the preferred geometry for high-density energy-storage applications, and the subject of 
considerable research interest. 
 
My approach uses arrays of vertically aligned, chemically robust silicon oxide nanowires 
as templates and mechanical supports for electrochemically active core-shell wire arrays. With 
these templates, one can readily fabricate highly textured electrodes of virtually any material 
using standard deposition techniques. Texturing is achieved by growing silica nanowires up to 10 
µm tall via a plasma-enhanced, reactive vapor-liquid-solid mechanism, and then depositing 
amorphous silicon by magnetron sputtering. This templating process permits fabrication of 
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electrochemically active wire arrays of almost any material with large surface-to-volume ratios, 
without the use of lithography, or material-specific growth or etch techniques. The observations 
presented in this chapter suggest that highly textured thin film electrodes can enhance the 
electrochemical performance of thin film electrodes by clever materials processing and 
engineering. As examples, templated amorphous silicon and lithium manganese oxide (LMO) 
thin film electrodes are prepared and their galvanostatic cycling versus metallic lithium in 
electrochemical cells is studied.  
 
 
 
5.2 Electrochemical and Microstructural Characterization of Electrodes 
 
 
To evaluate the electrochemical performance of textured electrodes, planar control and 
textured films are deposited by magnetron sputtering on mirror-polished stainless steel coins 
(1.97 cm2) which act as current collectors and are readily integrated into standard coin cell test 
assemblies. Each control sample consists of a planar thin film with the same active mass as its 
textured counterpart. All samples are deposited at constant magnetron sputtering power at a 
known rate to ensure equal mass. Cells are assembled in an argon-filled glove box, but each 
electrode is handled in air prior to cell assembly without bake-out. The density of amorphous 
silicon is assumed to be 2.2 g-cm-3; the density of LMO is assumed to be 4.2 g-cm-3 [Dudney]. 
Table 5.1 summarizes the here presented samples and their characteristics.  
 
The observations discussed in this work are consistent with my entire study that includes 
unpublished results from a total of 9 planar and 18 textured silicon and LMO electrodes. To 
deliver a concise discussion, I intend to focus on performance differences between both electrode 
types with varying thicknesses.  
 
The silicon electrodes are galvanostatically cycled versus metallic lithium between 1.5 V 
and 0.1 V in a standard 2032-type coin cell at 55ºC. The cycle current is 100, 300, and 500 µA 
for the thin, intermediate, and thick silicon samples, respectively. A separator (Celgard 2325) 
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provides electronic isolation between the electrodes. The electrolyte contains 1.2 M LiPF6 in an 
ethylene carbonate (EC): ethyl methyl carbonate (EMC) (3:7 by wt.) solvent. Cells containing an 
electrolyte with 1.2M LiPF6 in propylene carbonate solvent were also examined. The 
electrochemical performance of these cells is similar to those of the EC-containing cells. It is 
noteworthy that unlike graphite electrodes which exfoliate, silicon-based electrodes can be 
cycled successfully in PC-bearing cells. 
 
The LMO electrodes are also galvanostatically cycled versus metallic lithium in a 
standard 2032-type coin cell. The electrolyte contains 1.2 M LiPF6 in an ethylene carbonate 
(EC): ethyl methyl carbonate (EMC) (3:7 by wt.) solvent. A separator (Celgard 2325) provides 
electronic isolation between the electrodes. All measurements on LMO electrodes are taken at 
room temperature, 25 ºC. The positive planar and textured LMO electrodes, 180 nm thick and 
with equal LMO masses, are cycled between 4.4 V and 2.0 V at a rate of 20 mA-g-1 (1/9 C). The 
electrode mass is 0.16 mg.  
 
Electrochemical characterization for all electrodes includes capacity, cycling, and 
electrochemical impedance spectroscopy (EIS) measurements at 30 ºC. The EIS measurements 
are conducted with an EG&G 273A potentiostat and a Solartron SI1260 Frequency Response 
Analyzer controlled by ZPLOT measurement software. The impedance spectra are acquired in 
the 100 kHz to 10 mHz frequency range with a 10 mV peak-to-peak perturbation around an 
open-circuit cell potential of 0.2V for silicon and 3.9 V for LMO. The cells are held at that 
voltage, using a constant voltage program, for several hours before the EIS measurements. 
 
Microstructural characterization is carried out using scanning and transmission and 
electron microscopy (SEM, TEM), and X-ray diffraction (XRD). XRD is done using a Philips 
X’pert MRD. Glancing angle (1°) and ω-2θ scans cover the range of 20°-88º with 2 seconds and 
0.05 degrees per step, respectively, using an X-ray wavelength of 1.5418Å (CuKα). For SEM a 
high-resolution Hitachi-4800 is used. TEM and high-resolution TEM are done on a JEOL 
2010LaB6 and a JEOL 2010F. The latter is also used to provide selected-area energy dispersive 
X-ray spectroscopy (Oxford INCAEDS detector) for elemental analysis. 
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5.3 Electrode Fabrication 
 
 
5.3.1 Fabrication of vertically aligned silica nanowire arrays 
 
The supporting silicon oxide nanowire arrays are grown by the same low-temperature 
(<200 ºC), lithography-free, plasma-assisted VLS method described in Chapter 2, 3, and in an 
earlier publication [Bettge]. A 50 nm thin layer of amorphous silicon is applied to each polished 
stainless steel substrate by DC magnetron sputtering prior to the application of the indium film 
that seeds oxide nanowire growth. This silicon layer promotes uniform indium dewetting. The 
subsequent nanowire growth is carried out in a magnetron sputtering system with an additional, 
externally-applied magnetic field for improved control of the ion-to-neutral flux ratio during 
deposition [Petrov]. This procedure results in tall growth (up to 10 µm) and high growth rates (up to 
1 µm-min-1). To grow the oxide nanowire arrays, atomic silicon is sputter-deposited from an 
undoped silicon magnetron target (Kurt J. Lesker, 99.999 %) in an atmosphere containing only 
argon (0.7 Pa) and water vapor (3×10−3 Pa). The chamber base pressure is 1×10−6 Pa. The DC 
magnetron is run at a relatively low power of 14 W and the substrate is held at 175 ºC (measured 
by K-type thermocouple attached to the growth surface). A substrate bias of -500 V is applied to 
induce energetic ion bombardment at the substrate surface. The magnetic field in the vicinity of 
the sample is about 100 Gauss increasing plasma density and thus ion flux to the substrate 
surface during sputter deposition. According to plasma probe measurements [Petrov], the ion flux is 
about 0.1 mA-cm-2 at an ion energy of approximately 500 eV. 
 
 
5.3.2 Fabrication of textured silicon thin films 
 
After silicon oxide nanowire growth, an elemental amorphous silicon coating is deposited 
by DC magnetron sputtering in the same growth apparatus without breaking the vacuum. This 
coating is the electrochemically active material for lithium insertion. As grown, the oxide 
nanowires are typically slightly tapered and spaced 1 – 2 µm apart, providing a good template for 
conformal line-of-sight deposition. A continuous coating is essential to ensure uninterrupted 
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charge transport from the wire to the current collecting substrate. Continuity of the silicon 
coating is improved by tilting the sample stage during deposition by a small angle, covering the 
range of about ±10º, depending on mean height and spacing of the supporting oxide nanowires. 
Amorphous silicon is deposited without substrate heating under pure argon (0.5 Pa). No 
crystalline phases are detected in the electrode material by ω-2θ and glancing angle (1º) x-ray 
diffraction measurements. After deposition of amorphous silicon, the textured thin films are 
made of wire arrays with wire diameters and heights on average 0.2 µm and 10 µm for the thin 
electrodes, and 1.0 µm and 11 µm for the thick electrodes, respectively. The average areal 
density is 0.3 wires-µm-2. The total amount of silicon in the thick electrode (0.67 mg) is 
deliberately chosen to accommodate the maximum theoretical volume expansion upon lithiation 
(~400 % of initial volume) by the void space between the individual wires. 
 
 
5.3.3 Fabrication of planar silicon samples 
 
The fabrication of the planar samples is carried out in the same experimental apparatus as 
mentioned above without the intermediate processing steps of indium seed layer deposition and 
oxide nanowire growth. The same initial 50 nm thin silicon layer is deposited on each control 
sample substrate to ensure the closest possible similarity to the textured films. The final 
deposition of amorphous silicon is done under the same sputtering conditions as for the textured 
films.  
 
 
5.3.4 Fabrication of textured LMO thin films 
 
The growth of the silicon oxide nanowires is followed by an application of a thin metallic, 
chemically stable conformal coating of titanium nitride (TiN) [Kim2000, Hultman] onto the arrays preceding the 
LMO deposition. Due to metallic nature of TiN (40-500 µΩ-cm [Patsalas]), the electronic resistance along 
the nanowire axis can be lowered, even after sample handling in air prior to the LMO deposition. In 
comparison to TiN, LMO exhibits a relatively high electronic resistivity (~100 kΩ-cm) [Dudney]. TiN is 
reactively deposited in a mixture of nitrogen (7 mPa) and argon (770 mPa) using an elemental titanium 
sputter target (Kurt J. Lesker, 99.995 %). The DC magnetron is operated at 100 W while the substrate 
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remains close to room temperature. The floating potential of the ungrounded substrate holder is -20 V 
indicating a moderate-intensity, low-energy ion bombardment that is beneficial during reactive growth of 
TiN [Hultman]. This bombardment improves conformal coverage during directional deposition onto high 
aspect ratio structures [Hamaguchi]. In the same way as the coating continuity is improved for Si (Section 
5.3.2), continuity of the TiN coating can be further improved by periodically tilting the sample stage 
during deposition by a small angle, covering the range of about ±10º, depending on mean height and 
spacing of the supporting oxide nanowires. If deposited onto a smooth planar substrate, the TiN film 
thickness is 85 nm. When deposited onto the nanowire array, the characteristic thickness of the layer, i.e. 
its volume divided by surface area, becomes 29 nm, as estimated using a cylindrical-wire model of the 
array with dimensions from SEM observations. 
 
Following the TiN deposition, a thicker LMO coating is applied by RF magnetron sputtering 
from two commercial targets, each 5 cm in diameter, located at the same distance from the substrate 
(Super Conductor Materials, Inc., 99.9 %) in an argon (190 mPa) and oxygen (13 mPa) atmosphere with 
the substrate close to room temperature. The floating potential of the ungrounded substrate holder is -26 
V, again indicating moderate-intensity, low-energy ion bombardment. A planar LMO reference film 
deposited on a silicon substrate exhibits no crystalline phases by ω-2θ and glancing angle x-ray 
diffraction scans. The Li/Mn ratio of this reference film is ~1, measured by inductively coupled plasma 
atomic spectroscopy (ICP). This relatively high ratio has been previously observed for sputter deposited 
films from LiMn2O4 targets and has been found to decrease with higher deposition rates and lower O2/Ar 
ratios [Dudney].  In our case, the deposition rate is relatively low (0.4 nm-min-1), in part because the target-
substrate distance of 15 cm is large compared to the diameter of the targets. The continuity of this film is 
again improved by periodically tilting the sample stage. If deposited onto a smooth planar substrate, the 
amorphous LMO film is 180 nm thick. If deposited onto the nanowire array the characteristic thickness 
becomes 40 nm with a surface area of at least 9.2 cm2. This is an increase of 4.6 times relative to a planar 
film. The surface area is estimated based on a cylindrical rod array with mean height (10 µm), width or 
diameter (0.35 µm), and spacing (0.3 wires-µm-2) of the LMO wires, as determined by SEM. This 
minimum value of surface area does not include nanoscale roughness and other non-uniformities.  
 
 
5.3.5 Fabrication of planar LMO films 
 
The fabrication of the planar samples is carried out using the same experimental apparatus as 
mentioned for the textured LMO films, without the intermediate processing steps of indium seed layer 
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deposition and oxide nanowire growth. The same initial layers, of 50 nm silicon and 85nm TiN, are 
deposited on each control sample substrate to ensure the closest possible similarity to the textured films. 
The final deposition of LMO is done under the same sputtering conditions as for the textured films.  
 
 
 
5.4 Highly Textured Silicon Thin Films 
 
 
5.4.1 Background and previous work related to Si anodes 
 
Silicon is an attractive negative material for use in lithium-ion batteries because it is the 
second-most abundant element in the earth’s crust, its properties and its alloys are well-studied, 
and its industrial refining is well-established. Above all, it exhibits the highest known lithium 
insertion capacity. Its poor performance during extended cycling is however a serious drawback 
for its technological implementation.  In order to improve the cycle life of silicon, highly 
textured thin films of amorphous silicon are fabricated and galvanostatically cycled versus 
metallic lithium. 
 
Electrochemically lithiated silicon exhibits an insertion capacity of 4200 mAh-g-1 at 
elevated temperatures and 3579 mAh-g-1 at room temperature [Sharma, Obrovac2007, Hatchard]. This 
outstanding energy storage capacity comes, however, at the price of an enormous volume 
expansion of more than 280% [Obrovac2007]. Repeated expansion of active material leads to electro-
mechanical failure and consequently to extremely poor cycle-life performance [Kasavajjula]. When 
using elemental silicon, the mechanical integrity of the anode can be improved by reducing the 
characteristic dimensions of the active material, as studies on planar thin films and porous 
materials have shown [Takamura, Ohara, Graetz, Kim2008, Shin]. Planar films however have the inherent 
disadvantage of poor areal energy density, so one research focus is to fabricate three-dimensional 
submicron silicon particle and wire assemblies with an interconnected open pore network [Graetz, 
Kim2008]. To further optimize charge-transport characteristics of these assemblies, arrays of 
vertically aligned pores or wires with straight conduction paths normal to the current collector 
are often implemented, providing the shortest distance for charge transport through a given 
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electrode thickness [Green, Huang]. Several fabrication methods for such texturing exist, including 
electrochemical etching [Shin], metal-assisted etching [Peng, Huang], reactive ion etching [Green], 
glancing angle deposition [Fleischauer], and conformal chemical vapor deposition [Song].  
 
My fabrication approach yields highly textured thin films made from arrays of submicron 
and vertically aligned silicon oxide nanowires with an areal capacity of about 1 mAh-cm2 upon 
electrochemical lithiation which approaches that of commercial batteries [Footnote1]. An idealized 
rendering of such a textured film is shown in Fig. 5.1A. Actual examples are given in Figs. 5.1B 
and C, in which silicon films with 0.08 mg-cm-2 and 0.34 mg-cm-2, respectively, coat the oxide 
nanowire array.  
 
 
5.4.2 Electrochemical cycling and capacity measurements 
 
The capacity dependent voltage profiles of textured and planar silicon follow on first 
sight the well-known behavior for amorphous silicon containing cells with a Li-metal counter 
electrodes [Kasavajjula]. Data for the thin textured and planar cells with 0.15 mg Si are shown in Fig. 
5.2, representative also for the thick samples with 0.67 mg Si. Panels A and B show the voltage 
dependence on capacity and differential capacity vs. voltage (dQ/dV) plots during the initial 
cycle for the thin textured and planar films. A gradual potential drop during first lithiation is 
apparent for the textured electrode in the voltage range between 1.0 and 0.28 V in contrast to an 
abrupt potential drop of the planar electrode down to 0.28 V. This is also apparent in panel B 
which magnifies this voltage range during initial lithiation. Expressed in terms of percentage of 
total capacity at 0.1 V, the textured film reaches about 30% of its total charge at 0.28 V, while 
the planar films reaches at most 2%. 
 
In the range between 0.28 V and 0.10 V the potential drops much more gradually for both 
electrode types and is accompanied by a significant increase in capacity. At 0.10 V, the textured 
and planar electrode capacities are 0.49 mAh and 0.42 mAh, i.e., 3296 mAh-g-1 and 2769 mAh-
g-1, respectively.  
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The textured electrode also exhibits an initial lithiation capacity that exceeds that of the 
planar electrode by ~17%. This is likely due to greater irreversible capacity losses in the textured 
cells as charge capacities of both electrode types are nearly identical during the subsequent 
delithiation (Fig. 5.2A). 
 
Figs. 5.2C and D contain dQ/dV profiles for the thin planar and textured samples after the 
1st and 30th cycle. From 1st cycle on, indicated by the data series colored in grey, the dQ/dV plots 
show the characteristic features reported for amorphous silicon [Obrovac2007]. On lithiation, the plots 
show two broad peaks, seen as sloping plateaus in the voltage curves of Fig. 5.2A;  two broad 
peaks are also observed in the dQ/dV plots during delithiation. After 30 cycles, the peaks remain 
to be present but with reduced magnitude; the onset of the 0.28 V peak is now also more gradual 
for the planar electrode. The lower differential capacity for the planar electrode after 30 cycles, 
in Fig. 5.2D, arises from a significantly lower total capacity which is also demonstrated in Fig. 
5.3. 
 
Fig. 5.3 compares the cycle life behavior of the textured and planar electrodes with 
varying thicknesses. In order to evaluate the overall cycle performance, the capacity retention is 
normalized to the initial capacity after each full cycle and plotted in Fig. 5.3A. One apparent 
difference between the two types of electrodes is that the capacity retention of the textured 
electrodes is significantly enhanced over that of the planar electrodes. After 30 cycles the 
textured electrodes show a capacity retention of ~65 %, which is more than twice the capacity 
retention of the thinnest and best performing planar electrode. Capacity retention of the planar 
films after 30 cycles increases as film thickness decreases. The thickest planar electrode (0.67 
mg Si) retains only 6 % of its initial capacity after 30 cycles between 1.5 and 0.1V, whereas the 
thinnest planar electrode (0.15 mg Si) retains about 30 % of its initial capacity. The improvement 
in cycle life for the planar electrodes with decrease in sample thickness is consistent with other 
reports [Maranchi, Hatchard]. 
 
Another difference is that irreversible charge trapping is significantly greater in textured 
electrodes than in planar ones. Figs. 5.3B and C show relative capacity changes during each half 
cycle for the two electrode types as a function of the cycle number. This relative capacity change 
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is directly related to the coulombic efficiencies during each half cycle; it is however, in Figs. 
5.3B and C, intentionally reduced by one to present net capacity gains and losses as positive and 
negative values, respectively. Both types of electrodes lose storage capacity in the first half 
cycles (i.e. during the period that begins at the point of complete lithiation and ends upon 
complete delithiation). 
 
However, during the second half cycles (i.e. during the period that begins at the point of 
complete delithiation and ends upon complete lithiation) the textured electrodes appear to “gain” 
2 to 3 % of the extracted charge, whereas the planar ones continue to lose storage capacity. 
Obviously, this gain in charge is not being released, but trapped. Since the counter electrode 
supplies an infinite amount of lithium and the observed charge trapping remains relatively 
constant throughout the 30 cycles, the overall capacity fade for the textured electrodes is reduced 
to an average of about 0.8 % per cycle. This value is close to the capacity fade observed by other 
researchers [Chan2008, Song]. By integrating the difference between delithiated and lithiated 
capacities for the textured electrodes over a period of 60 cycles, we find that the total trapped 
capacity exceeds the initial lithiation capacity. 
 
Unlike the textured films, planar ones show net losses in both half cycles, effectively 
leading to more rapid capacity fading. In particular, dramatic losses can be observed in both half 
cycles for the thick planar electrode during the first five cycles. These losses are most probably 
related to the widely accepted structural failure and pulverization of the silicon anode [Kasavajjula].  
 
Noteworthy is also the fact that the two textured electrodes show the largest capacity 
losses during the first half cycle, after initial lithiation (Fig. 5.3B). This is in agreement with the 
data in Fig. 5.2 and can be attributed to irreversible reaction of lithium with various oxide phases 
(in the supporting nanowires and at the electrode surface) that are present in greater amounts in 
the textured cells. 
 
 
 
 
90 
 
5.4.3 Additional cycle studies down to 0 V 
 
To further evaluate the electrochemical behavior of highly textured silicon anodes, we 
tested their performance to very low potentials, from 1.5 to 0.0 V vs. Li-metal. First cycle data 
show that lithiation capacities can increase by about 50 % from 0.1 V down to 0.0 V, since the 
low sloping regime at 0.1 V continues to very low potentials. In other words, one third of the 
total electrode lithiation capacity lies in the 100 mV range between 0.1 and 0.0 V. After 30 
cycles this capacity gain is slightly reduced, but still more than 35%. Analysis of the dQ/dV 
profile throughout cycling implies that silicon remains in its amorphous state even at low 
potentials. This result differs from the observations of Obrovac et al. who showed that in the 
0.05 V to 0.0 V vs. lithium range crystalline silicon electrodes become amorphous during initial 
lithium insertion but highly lithiated amorphous silicon crystallizes suddenly at 50 mV (vs. Li) to 
form Li15Si4, and during the delithiation cycle, the crystalline Li15Si4 transforms into amorphous 
silicon above 0.05 V [Obrovac2004]. Our finding is, however, consistent with Hatchard et al. who 
observed that the crystalline Li15Si4 phase forms below 0.05 V only for amorphous silicon films 
above a critical thickness of about two micrometers [Hatchard].  The characteristic thickness of our 
textured Si electrodes is less than this value (Table 5.1).   
 
 
5.4.4 Structure and elemental analysis after cycling 
 
As discussed in Section 5.4.2, significant charge trapping during cycling of the textured 
electrodes is evident. This can be explained by considering continuous growth of a solid-
electrolyte interface (SEI). It is commonly accepted that SEI formation consumes large amounts 
of charge under reducing conditions (during lithiation), and may decay under oxidizing condition 
(during delithiation).  
 
In fact, we observe significant SEI formation on top of the textured electrodes after cell 
disassembly. The two SEM images in Fig. 5.4 show sections of the cycled and delithiated thick 
textured film after rinsing the electrode repeatedly for five minutes with fresh dimethyl carbonate 
(DMC). The cross-sectional image (Fig. 5.4A) shows the thickness of this film to be 22.7 µm 
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which is roughly twice the original mean height, 11 µm, of the silicon pillars. Fig. 5.4B shows 
the cycled film whose original state can be seen in the inset and in Fig. 5.1C. The dramatic 
increase in volume of film is apparent. The film, cycled and rinsed, is primarily composed of five 
elements, listed according to their relative amounts: oxygen, carbon, fluorine, silicon, and 
phosphorus, as determined by ZAF-corrected energy-dispersive X-ray spectroscopy (EDS, 
Oxford Instruments ISIS EDS X-ray Microanalysis System, 20 kV). Most probably, the presence 
of fluorine and phosphorus originates from the organic electrolyte LiPF6 salt, and carbon from 
the organic solvents. The presence of oxygen is related to carbonates, air exposure, trace 
amounts of water, and to oxide phases in the as-fabricated material. 
 
Selective-area EDS, taken at the fracture cross-section at different distances from the substrate 
(close to bottom and top surface of the film), shows that elemental silicon is present in both 
locations. Its relative quantity however decreases from bottom to top, from 12.1% (± 1.5%) to 
4.9% (± 3.5%). The ratios of silicon-to-fluorine and silicon-to-phosphorus decrease as well, from 
0.7 to 0.3 and 7.1 to 2.2, respectively, along with the other two ratios, silicon-to-oxygen and 
silicon-to-carbon. Because of the graded nature of the textured film (the bottom part is made up 
of a solid silicon layer while the top is only made up of the silicon pillar tips) and the direct 
access to the electrolyte at the top, a lower silicon concentration is expected in the top section of 
the film, where fluorine, phosphorus, and carbon concentrations are higher. Nevertheless, this 
suggests that significant amounts of elemental silicon are distributed throughout most parts of the 
SEI. 
 
The difference in composition may also be the cause for the apparent morphological 
difference of top and bottom sections of the cycled film in Fig. 5.4A. The structural integrity of 
the thick textured film appears intact and the columnar structures are still recognizable in Fig. 
5.4, despite having lost about 35 % of the initial capacity. Some occasional cracking is apparent 
in Fig. 5.4B. 
 
We have also measured the apparent cross-sectional thickness of the thin textured film. 
After 60 cycles, this film is only 4.8 µm thick (not shown here). Assuming that the SEI layer 
grows at a constant rate, independent of sample type and thickness, one would expect a similar 
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thickness of the cycled layer for both textured films; simply because wire lengths are comparable 
and growth rate at the silicon wire tips would be the same under equal cycling conditions. We 
expect that the thin textured film, with a lower wire volume fraction, is mechanically less rigid 
than the thick textured film, and as a consequence is continuously compacted during cycling. The 
as-fabricated wire volume fractions of the thin and thick textured electrode are, using the 
simplified geometric assumptions, 1 % and 19 %, respectively; this difference appears to be 
significant enough to explain the varying film thickness after cycling. 
 
 
 
5.4.5 Electrochemical impedance spectroscopy (EIS) 
 
EIS was conducted to determine electrode impedances and changes during cycling of the 
planar and textured electrodes. Fig. 5.5A shows complex impedance planes for the two thick 
electrodes after 3 and 60 cycles, at 0.2 V during lithiation, representative for our entire study. A 
typical complex plane plot shows (a) a high-frequency minimum (100 kHz) that relates to the 
ohmic-portion of the cell impedance, (b) a mid-frequency arc related to electrode-electrolyte 
interfacial processes, and (c) a low-frequency sloping line (also known as Warburg tail) at 
frequencies less than ~10 Hz, mainly related to diffusion processes in the electrolyte and through 
the electrochemically active material [Abraham, Barsoukov].  
 
The complex plots for textured and planar Si films show the characteristic mid-frequency 
arc, with its center below the real-axis indicating the presence of multiple kinetic processes with 
varying time constants. The presence of a second, strongly depressed arc in the mid-frequency 
regime is also visible for the planar and textured electrodes after three cycles. Similar spectra 
have also been reported by other investigators [Ruffo, Kulova].  
 
Assuming the first arc represents resistive and capacitive behavior in parallel across the 
electrode-electrolyte interface [Barsoukov], a significant drop in the interface impedance, by roughly 
a factor of two, is visible after 60 cycles. By fitting the first arc with a semicircle, we obtain a 
drop from 85 Ω to 51 Ω for the planar electrode and a drop from 113 Ω to 48 Ω for the textured 
93 
 
one. The nature of the kinetic processes at the electrode-electrolyte interface is practically the 
same for both electrode types after equal numbers of cycles, since the frequencies at ωRC = 1 
(frequencies at first local maximum in the impedance plot) remain practically the same. 
However, during cycling, this frequency increases typically by about ten times for both electrode 
types, indicating that kinetics at the electrode-electrolyte interface speed up as cycling continues. 
Here, the planar electrode shows an increase in frequency from 398 Hz to 1580 Hz and the 
textured one shows an increase from 158 Hz to 3980 Hz.  
 
The films’ low-frequency (~1 – 0.01 Hz) responses after 3 and 60 cycles are depicted in 
Fig. 5.5B. Among similar diffusion geometries, diffusion-related impedances scale inversely 
with frequency and also inversely with active surface area. Assuming that the nature of the 
diffusion processes remains the same, differences in impedance magnitudes can be related to the 
electrode surface area [Barsoukov]. After 3 cycles, the thick planar film already exhibits an 
impedance comparable to that of the highly textured film, suggesting that overall planar surface 
area has increased by roughly 10 times (Table 5.1) probably due to electro-mechanical failure. It 
is also interesting to note, that the textured film exhibits an overall lower diffusion impedance 
after 60 cycles (Fig. 5.5B). 
 
Interestingly, the textured electrode with much larger surface area does not necessarily 
exhibit a lower charge-transfer resistance at the electrode-electrolyte interface, even after just 
three cycles. This observation is consistent throughout our entire study of planar and textured 
silicon and is somewhat counter-intuitive, as a larger electrode surface area should in theory go 
along with a reduced charge-transfer resistance. Its consistent decrease throughout cycling is yet 
another peculiarity. Both observations may be explained by excessive surface area formation at 
the electrode’s surface during cycling (Section 5.2.5). 
 
 
5.4.6 Discussion of results for textured and planar silicon films 
 
Significant differences between planar control samples and highly textured films are 
found with regard to cycle-life and coulombic extraction-insertion efficiency (Qlithiation / 
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Qdelithiation), while their capacity dependant voltage profiles in Fig. 5.2 are similar and 
characteristic for amorphous silicon. The similarity of profiles indicates the galvanic influence of 
foreign phases, such as indium present to prepare the textured electrodes, appears to be 
negligible. Substoichiometric silicon oxide, also present in our textured films, is expected to be 
electrochemically active only during first lithiation and can be reduced to Si + Li2O [Yang]. Trace 
amounts of SiO2, such as a few nanometer thick native oxide, may also be chemically etched by 
hydrofluoric acid formed by the reaction of LiPF6 with trace amounts of moisture in the 
electrolyte [Chan2009]. 
 
One difference in the voltage profile is found during initial lithiation above 0.28 V. For 
the textured films significant charging (~30% of total capacity) occurs above this voltage while 
the planar films show only minor charging above this voltage. A possible cause for this 
difference may be related to the larger surface area of the textured electrode as this provides 
more surface at equal mass for electrolyte reduction reactions that typically occur in this voltage 
range. This is in agreement with the fact that large amounts of SEI accumulated particularly in 
the textured films throughout cycling and is also in agreement with other studies [Chan2009, Key]. It is 
also possible that large compressive internal stresses within the planar film limit initial charge 
intercalation up to the point at which film fracture causes rapid stress relaxation.  
 
Compared to planar thin films, textured films possess at least twice the capacity after 30 
cycles. The planar films lose capacity primarily during the first cycles; during subsequent cycles 
their capacity loss decreases gradually. Such behavior is expected from electro-mechanical 
failure and pulverization of the anode which can disintegrate rapidly in the first few cycles due to 
the enormous cyclic volume expansion. Unlike the planar films, both thin and thick textured 
electrodes show similar and nearly constant capacity fade (~0.8% per cycle), although their 
characteristic thickness, i.e. volume normalized to surface area, differs. This is somewhat 
surprising, since capacity retention for planar films clearly increases as the characteristic 
thickness decreases. One explanation for this may be that the rate of electro-mechanical failure 
of the textured films is greatly reduced due to conformal SEI formation. As already shown, 
massive SEI formation takes place in the textured cells, as found by half-cycle analysis and 
shown by SEM. In contrast to planar cells, a conformal SEI prevents complete detachment of 
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active silicon due to confinement effects within a highly textured structure. Some electro-
mechanical failure may still occur despite the presence of a conformal SEI and may suffice to 
explain the gradual capacity loss of the textured films.  
 
The frequency responses may provide supporting evidence for this failure. Capacity 
losses, as a result of electro-mechanical failure, may also go along with additional surface area 
formation within the remaining active volume through cracking and incomplete separation of 
electrode particles. As additional active surface area is created during electrode disintegration, 
charge-transfer and diffusion impedances are expected to decrease. However, the rate of surface 
area formation in planar cells is expected to exceed that of textured cells during the first few 
cycles, as implied by the rapid failure of the planar ones (Section 5.4.2). This may explain the 
nearly identical diffusion impedance, and thus surface area, after 3 cycles (Fig. 5.5B). Electro-
mechanical degradation however continues for both electrode types throughout cycling which 
increases their surface areas and thus decreases the charge-transfer impedances gradually 
(Section 5.4.5). As cycling continues, the degradation rate of both electrode types gradually 
decreases, especially for the planar films, as a growing SEI embeds the remaining active material 
preventing complete disintegration of the anode. While impedances in the mid-frequency 
regimes are reduced due to the additional surface area, SEI formation and electronically isolated 
debris hamper rapid diffusion through electrode and electrolyte and may cause a low-frequency 
impedance increase after extended cycling.  
 
In summary, most differences between highly textured and planar films can be related to 
SEI formation and electro-mechanical disintegration of the active anode volume. Our results also 
suggest that when impedance spectroscopy is conducted on high strain materials, such as silicon, 
it is very important to consider their mechanical integrity. 
 
Some issues remain regarding the nature of the SEI. It is typically assumed that the SEI is 
electronically insulating and its region of growth is limited to the electron tunneling distance 
[Peled, Aurbach]. In this case, a continuous SEI would need to be ionically conductive and would need 
to grow in close proximity to the silicon-SEI interface. As evident in Fig. 5.4, massive SEI 
formation occurred on top of the textured electrode clearly exceeding typical tunneling distances. 
96 
 
It is possible that the model of a distinct SEI layer in contact with a well-defined electrode may 
not suffice to explain all the observations, and instead a refined model is necessary e.g. in which 
SEI and active volume are highly interconnected over a large interfacial area. This would be in 
good agreement with the discussed excessive surface area formation. However, more studies are 
necessary to understand structure, composition, and charge transport phenomena of the SEI in 
silicon containing cells. Furthermore, it is important to recognize that massive SEI formation 
may consume large amounts of electrolyte and mobile lithium in the cell [Lopez]. Although this 
effect may not be observable under laboratory testing conditions, it may prove to be detrimental 
for full cells with limited supply of electrolyte and mobile lithium. 
 
 
5.4.7 Conclusions regarding electrochemical performance of textured silicon films 
 
Highly textured thin films of amorphous silicon have been galvanostatically cycled 
versus metallic lithium. The performance study of textured electrodes confirms that highly 
structured silicon exhibits an improved cycle life. It is also found that a growing SEI acts as a 
massive sink for mobile lithium. On first sight, this may be disadvantageous since excessive SEI 
formation may lead to depletion of all mobile lithium and to complete “dry-out” of the 
electrolyte over time in a full battery. However, as our cycling data suggest, a conformal SEI 
may also slow the rate of failure, in particular in highly textured films. It is thus crucial to 
consider the influence and growth of the solid-electrolyte-interface, if materials with large 
surface areas are being tested for use in Li-ion batteries. 
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5.5 Highly Textured LiMn2O4 Thin Films 
 
 
5.5.1 Background and previous work related to LMO anodes 
 
The electrochemically active material, LMO, has many attractive features. Its theoretical 
lithium capacity is on the order of 200-300 mAh-g-1, and it possesses a high potential towards 
metallic lithium (> 4.0 V). It is relatively inexpensive and its components are fairly abundant and 
non-toxic [Dudney, Whittingham]. Since the ionic conductivity of LMO is significantly lower than its 
electronic conductivity [Dudney], a nanowire electrode structure should reduce cell impedance by 
improving ionic transport into and through the electrode. But because of the oxide’s complex 
nature, LMO nanowires are typically grown using multiple solution-based processing steps 
[Hosono, Zhou] or via solid-state reaction [Lee]. Here we simply rely on the template to control the 
topography, and apply the LMO by radio-frequency (rf) magnetron sputtering, a method 
commonly used for depositing planar LMO films [Dudney, Chiu]. The directional nature of the 
deposition creates nanometer-scale roughness along the wire walls due to glancing angle 
shadowing. The combination of micrometer texture from the template with nanometer roughness 
considerably increases the electrode surface area and improves the transport kinetics of the 
electrode. It also provides a wide range of void dimensions to help accommodate the expansion 
and contraction associated with electrochemical cycling. By adjusting the deposition parameters, 
a wide range of surface-to-volume ratios, also of concern to the battery engineer, can be 
obtained. Again, any material that can be deposited by the standard methods of thin film growth 
can be made into a textured array.  
 
Fig. 5.6 illustrates the morphology of highly textured LMO. An idealized rendering in 
Fig. 5.6A demonstrates the layered core-shell structure of the LMO electrode. The supporting 
silica nanowires (Fig. 5.6B) are covered by a thin layer of titanium nitride (TiN), followed by the 
electrochemically positive LMO film. The supporting array consists again of slightly tapered 
silica nanowires which are grown by the plasma-assisted vapor-liquid-solid (VLS) technique 
described in Chapter 2 and 3.  
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The electronically conductive TiN intermediate layer is particularly important under low-
conductivity films with high aspect-ratio features. TiN is the material of choice for this 
application because of its metallic nature [Patsalas], and for its chemical stability towards lithium 
[Bagetto, Kim2000], but the method is not limited to any particular intermediate material.  
 
 
5.5.2 Electrochemical performance of highly textured lithium manganese oxide electrodes 
 
Arrays of LMO wires are structurally stable even under extended cycling. Figs. 5.7A, B 
present the wire morphology before and after electrochemical cycling, respectively. After 30 
cycles of charging and discharging over an extended range of 4.4 – 2.0 V, the free-standing 
nature of the wires is well preserved; and only occasional detachment of individual wires is 
visible. Detachment can be caused by excessive mechanical strains during cycling, but also by 
shear forces during cell assembly, disassembly, and final electrode rinsing. The wire diameters 
remain practically unchanged and on the order of 300 nm after electrochemical cycling. The 
structural integrity of the electrode is also confirmed by transmission electron microscopy 
(TEM). 
 
Fig. 5.8A shows the relative capacity retention of the LMO wire array versus that of a 
planar LMO thin film. The textured electrode exhibits a gradual capacity fade of about 0.4% 
from the third cycle on, whereas the planar electrode retains its initial capacity well. The reason 
for the capacity fade is not obvious, since SEM and TEM indicate that the wire morphology is 
largely preserved. Relatively minor capacity losses of on average 0.7% per cycle and nearly 
perfect capacity retention of the planar films suggest that no or only minor structural failure 
causes capacity fading in the textured electrodes. Chemical dissolution of manganese cations into 
the electrolyte is a likely cause and has been discussed elsewhere [Amatucci, Whittingham, Jang1996]. 
Capacity fading was reported to occur primarily at elevated potentials (> 4.1 V) and to correlate 
well with the electrode-electrolyte interfacial area [Jang1996]. Contamination of the cells by water 
could further enhance dissolution [Jang1997]. Analysis of discharge and charge half cycles confirms 
that always more charge withdrawn from the positive electrode during delithiation than charge is 
intercalated into the material during lithiation. For the textured electrode, the amount of charge 
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delithiated is on average about 2 – 3 % more than the amount of charge transferred during the 
preceding lithiation. The amount of charge then during the subsequent lithiation is again 2 - 3 % 
less than that during delithiation. This would correspond to a coulombic efficiency of >100 % 
and could only be satisfyingly explained by galvanostatically-driven dissolution of cations from 
the cathode due to its limited lithium storage capability. Also, textured electrodes, being air-
exposed and having a higher surface area, would tend to carry more surface-bound water into the 
cells than planar electrodes.  
 
The potential profile and the dQ/dV plot for a textured film after the 1st and 30th cycle 
display some well-known features for LMO (Figs. 5.8B, C). During lithiation, highly crystalline 
LMO undergoes several first-order phase transitions in the voltage range from 4.4 to 2.0 V which 
show up as plateaus in the capacity profile and as peaks in the differential capacity (dQ/dV) 
profile. Typically, a double peak in dQ/dV is located slightly above 4.0 V followed by another 
peak below 3.0 V. The latter is generally associated with the coexistence of LiMn2O4 and 
Li2Mn2O4 [Thackeray]. Remarkably, our highly textured films, deposited only at room temperature 
by conventional rf magnetron sputtering, exhibit a strong peak around 2.8 V and a minor double 
peak just above 4.0 V. Dudney et al. have observed similar behavior which may be typical for 
LMO films sputter deposited at low temperatures and rates [Dudney]. The potential profiles for 
textured and planar films, not shown here, are found to be qualitatively similar. 
 
The most striking feature however is the relatively low impedance of the LMO electrode 
in comparison to that of the planar one (Fig. 5.8D). Charge-transfer and diffusion impedances are 
expected to be lower for textured electrodes because of the larger surface-area-to-volume ratio. 
At equal volume, the surface area of the textured film is roughly five times larger than the planar 
one, as predicted from basic geometric assumptions. This factor does not consider the observed 
nano-scale roughness (see also Section 5.5.3).  
 
The complex impedance plots for the textured and planar electrodes are taken after 30 
cycles at 3.9 V during lithiation. For the textured electrode, the plot shows (a) a high-frequency 
minimum (Zreal = 5Ω at 100 kHz) that relates to the ohmic-portion of the cell impedance, (b) a 
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mid-frequency arc related to electrode-electrolyte interfacial processes, and (c) a low-frequency 
sloping line (Warburg tail), at frequencies less than ~10 Hz. 
 
Both electrode types are diffusion-limited, since the sloping line which is typically 
associated with diffusion phenomena through electrolyte and active material [Abraham, Barsoukov] 
dominates the impedance curves (Fig. 5.8D). Furthermore, the relative importance of diffusion 
processes is greater in the planar electrode, as evident from the partial disappearance of the mid-
frequency arc [Barsoukov, Ho]. The low-frequency real impedances are for the textured and planar 
films on the order of 3 kΩ and 17 kΩ. The difference between textured and planar films in the 
low-frequency response can be related to the difference in electrode surface area which is 
apparent from the impedance magnitudes plotted for clarity as a function of the inverse angular 
frequency (Fig. 5.9). The factor of about five in difference of surface area suffices to reasonably 
relate the low-frequency behavior of both film types. Some variation of this factor is expected to 
be caused by the non-planar geometry of the textured electrode.  
 
We can, in addition, estimate the charge-transfer (CT) resistances by fitting the arc with a 
semicircle. This assumes resistive and capacitive behavior in parallel for the CT phenomena at 
the electrode-electrolyte interface. For the textured electrode, the arc intersection with the real 
impedance axis gives a CT resistance of about 236 Ω with a maximum imaginary part, i.e. ωRC 
= 1, at a frequency of 400 Hz. For the planar electrode, the impedance curve is dominated by the 
sloping line making it difficult to define a CT resistance. It is however expected to be on the 
order of 3 kΩ. At 400 Hz, there is a point of inflection in the impedance response for the planar 
film, suggesting that the nature of the kinetic processes at the electrode-electrolyte interface is 
quite similar for both types of films. The low internal impedance in the high- and low-frequency 
regimes after 30 cycles for the textured film is particularly intriguing, since dissolution of 
manganese is expected to increase the internal impedance by several times, as reported by Jang 
et al. [Jang1996]. It appears that texturing does, indeed, improve electrode impedance as expected. 
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5.5.3 Microstructural characterization of highly textured lithium manganese oxide films 
 
 Structure and composition are identified by X-ray diffraction (XRD), SEM, TEM and 
energy-dispersive X-ray analysis (EDX) (Figs. 5.10 and 5.11). Fig. 5.10A shows a TEM 
overview of a typical LMO core-shell wire. A fine-grained surface with nanoscale roughness is 
clearly visible. Thickness and nature of the coating is quite consistent over the entire wire section 
which is approximately 1.5 µm long. The core of the LMO wire is also visible as the axial 
“anchor-line” for the outward oriented nanosized grains. These nanograins appear to be aligned 
and oriented along a ~45° angle with respect to the wire axis. This grain orientation is 
characteristic for thin films grown via glancing angle deposition (GLAD) [Hawkeye]. The LMO 
films here are deposited via magnetron sputtering, which is a “line-of-sight” physical vapor 
deposition technique. Since the wires are vertically aligned and thus oriented along the direction 
of the incoming flux, deposition onto the outer wire surfaces induces local shadowing, which 
intensifies as deposition continues. If surface adatom mobility is sufficiently low, films grown 
via GLAD are highly columnar and underdense [Hawkeye]. The growth of such aligned nanograins 
along the outer wire surface increases the overall electrode surface area. A lower bound estimate, 
based on the measured length and orientation of the nanograins, suggests an additional increase 
in surface area by at least 2-3 times due to this nanoscale roughness. 
 
 
The presence of TiN after cycling is verified by a large area ω-2θ XRD scan which is 
displayed as an inset at the upper left of Fig. 5.10. The dominant peaks are related to the stainless 
steel substrate (SS), while the minor peaks are related to the NaCl-structure of TiN (powder 
diffraction file 04-008-7173). The nanocrystalline nature of the LMO, which is evident in Figs. 
5.10B and C, prevents identification and resolution of the crystalline LMO peaks by XRD. The 
selected-area electron diffraction (SAED) ring patterns in Fig. 5.10B are, however, indicative of 
the material’s nanocrystallinity. Bright-field high-resolution TEM in Fig. 5.10C reveals grain 
sizes that are on the order of 5 nm. The identified lattice spacings might be related to the lithium-
rich monoclinic Li2MnO3 structure with the space group C/2c [Lei]. The two identified lattice 
spacings here would correspond to 2θ values of 30.72° and 35.05°. A ratio of Li/Mn ≥ 1 is 
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expected both because of possible electrochemical dissolution of manganese, and because the 
cells are discharged, i.e. lithiated, down to 2 V just before disassembly. 
 
The layered core-shell structure (silica/TiN/LMO) remains intact after cycling as 
confirmed by elemental EDX mapping inside the TEM. In Fig. 5.11A, a section of the wire is 
displayed as a spatial reference for the subsequent elemental mapping of silicon, titanium, and 
manganese (Figs. 5.11B, C, and D, respectively). Here, the spatial distribution of silicon, 
titanium, and manganese correspond to the presence of silicon-oxide, TiN, and LMO which are 
the primary components of the core, the intermediate, and the outer shell. It is evident from Figs. 
5.11B, C, and D that the spatial distribution for manganese, taken perpendicular to the wire axis, 
is wider than that for titanium; and that the spatial distribution for titanium is wider than that for 
silicon. Thus, the layered core-shell structure persists even after extended cycling. The slight 
difference in wire location between the STEM image in Fig. 5.11A and Figs. 5.11B-D is caused 
by sample drift during TEM mode switching. 
 
 
5.5.4 Conclusions regarding electrochemical performance of textured LMO films 
 
This work demonstrates fabrication of highly textured thin film electrodes of lithium 
manganese oxide with a surface area significantly exceeding the area of the substrate. A 
hierarchical surface morphology further increases the overall surface area; this is accomplished 
by exploiting local shadowing during glancing angle deposition. The use of insulating silicon 
oxide is not prohibitive, as a metallic coating of titanium nitride (TiN) renders the nanowires 
electrically conductive along their axes. The nanowire arrays maintain their structural integrity 
for least 30 cycles, as shown by electrochemical cycling and microstructural characterization. 
Furthermore, they exhibit a diffusion impedance at low frequencies that is about five times lower 
than that of a planar electrode.  
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5.6 Figures 
 
 
 
Figure 5.1. A) Idealized rendering of a highly textured and electrochemically active silicon thin film. Vertically 
aligned silicon oxide nanowires serve as the mechanical support for the highly textured silicon layer. B) Scanning 
electron microscopy (SEM) overview of a textured thin film with 0.08 mg-cm-2 silicon, or an equivalent thickness of 
350 nm, if film were deposited on a planar, non-textured surface. C) SEM close-up view at a textured thin film with 
an equivalent silicon thickness of 1550 nm (0.34 mg-cm-2). Both samples in B) and C) are tilted by 30º. 
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Figure 5.2. Electrochemical profiles of the thin (0.15 mg) amorphous silicon electrodes vs. Li, obtained at 55°C. A) 
Voltage versus charge plot during 1st cycle; B) Differential capacity (dQ/dV) profiles of 1st cycle for thin textured 
and planar electrodes; C), D) Differential capacity profiles of 1st and 30th cycle for the thin planar and textured 
electrodes, respectively. 
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Figure 5.3. Cycle life behavior. A) Relative capacity retention in percent upon delithiation for various electrodes 
with different characteristic thicknesses as a function of cycle number. B) Relative change in capacity from lithiation 
to delithiation as a function of cycle number. C) Relative change in capacity from delithiation to lithiation as a 
function of cycle number. For clarity, the relative change in capacity is reduced by one to show capacity gains as 
positive values and capacity losses as negative values. To further enhance clarity, values for the intermediate planar 
electrode are only presented in A); its behavior is qualitatively similar to that of the thin and thick planar films.  
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Figure 5.4. Delithiated thick textured electrode after 60 cycles. A) Cross-sectional SEM of cycled film. B) Top-view 
of cycled film, tilted by 30º. The inset enables one-to-one comparison to the as-fabricated film. 
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Figure 5.5. A) Complex impedance plot of thick planar and textured silicon electrodes after 3 and 60 cycles at 0.2V 
during lithiation. B) Low-frequency (< 1.6 Hz) impedance magnitude as function of the inverse angular frequency 
demonstrating that the total surface area of textured and planar electrodes after three cycles may be nearly identical, 
and that diffusion processes become increasingly important throughout cycling.  
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Figure 5.6. A) Idealized rendering of the fabricated silicon-oxide/LMO core shell wire electrode with a conductive 
intermediate titanium nitride (TiN) coating. B) scanning electron microscopy (SEM) view of the as-grown 
supporting array of silicon-oxide nanowires; substrate tilt is 30°. The scale bar represents 2 µm. 
 
 
 
 
 
 
 
Figure 5.7. A) Core-shell Silicon-oxide/ lithium manganese oxide (LMO) core-shell wires before electrochemical 
cycling, which is carried out over a range of 4.0 V – 2.2 V. B) LMO-based electrode morphology after 30 charge 
and discharge cycles. The scale bars represent 2 µm and substrate tilt is 30°. 
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Figure 5.8. Electrochemical characterization of textured and planar LMO thin film electrodes. A) Relative capacity 
retention of a planar and a textured LMO thin film; B) Constant-current potential profile for a textured LMO thin 
film during 1st and 30th cycle; C) Differential capacity (dQ/dV) profile for a textured LMO thin film during 1st and 
30th cycle; D) Complex impedance plot of a planar and a textured LMO thin film, after 30 cycles at 3.9V during 
lithiation.  
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Figure 5.9. Impedance magnitudes of a planar and textured LMO thin film in the low-frequency regime plotted as a 
function of inverse angular frequency. Data are the same as in Fig. 5.8D. Low frequency impedance is lower for the 
textured films than for planar films. The impedance ratio of both electrodes (indicated by numbers close to arrows) 
agree reasonably with the inverse ratio of the estimated surface areas. 
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Figure 5.10. A) An individual lithium manganese oxide wire after 30 cycles of lithiation and delithiation. The inset 
shows the ω-2θ XRD scan of the entire wire thin film. Only crystalline peaks of TiN and the stainless steel substrate 
are marked and match the pattern. TiN is used as a conductive layer beneath the LMO, surrounding the amorphous 
silicon oxide core. Some organic residue is attached to the LMO wire. B) Selected area electron diffraction pattern 
taken at the outermost wire wall, indicating its polycrystalline nature. C) High-resolution TEM taken at the 
outermost wire wall showing nanocrystalline grain structure. 
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Figure 5.11. Scanning TEM (STEM) and elemental EDX mapping of an individual lithium manganese oxide wire. 
A) STEM on section of wire. The scale bar corresponds to 75 nm. B) – D) Spatial EDX mapping of silicon, 
titanium, and manganese, respectively. The spatial mapping visualizes the layered core-shell structure with silicon 
oxide as the core and titanium nitride and lithium manganese oxide as the second and third shells. 
 
 
 
5.7 Tables 
 
 
Table 5.1. Characteristics of Fabricated Textured and Planar Electrodes. 
 
 
calculated 
total mass 
(mg) 
surface area* 
(cm2) 
characteristic 
thickness** (nm) 
initial gravimetric 
capacity  
(mAh-g-1) 
thin planar Si 0.15 1.97 350 2419*** 
thin textured Si 0.15 6.1 114 2879*** 
intermediate planar Si 0.41 1.97 950 2412*** 
thick planar Si 0.67 1.97 1550 2383*** 
thick textured Si 0.67 18.9 161 2702*** 
planar LMO 0.15 1.97 180 205.2 
textured LMO 0.15 9.2 40 231.4 
* Minimum surface area is calculated assuming a smooth thin film for planar films, and a cylindrical rod array with 
mean height, width, and spacing of the silicon wires, determined by scanning electron microscopy (SEM), for 
textured films. Nanoscale roughness and non-uniformity are not considered. ** Characteristic thickness is defined as 
volume divided by surface area. *** For Si only: 1st cycle lithiation, C/4 charge rate, 1.5 to 0.1V cycling window 
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CHAPTER 6: Conclusions and Outlook 
 
 
 
6.1 Conclusions 
 
 
Low-temperature growth of refractory silica nanowires at <200 ºC is successfully 
achieved by using the low melting point metal indium. The use of reactive magnetron sputtering 
in combination with a vapor-liquid-solid mechanism provides a unique combination of 
techniques that on their own would not be able to yield such structures. The nanowires are 
vertically aligned due to their stranded internal structure which responds to the directional 
influence of concurrent ion bombardment during growth. In fact, ion bombardment is found to be 
extremely crucial for this kind of wire growth. Its intensity can be readily controlled through 
substrate biasing and magnetic field confinement. Ion bombardment also promotes dissolution of 
the reactants necessary for nanowire growth, oxygen and silicon, into the liquid indium droplets 
which mediate the nanowire formation and simultaneously protect the emitted nanowires against 
excessive ion bombardment. Although ion bombardment is important for array fabrication, it is 
also found to eventually terminate the wire growth through physical removal of the liquid 
droplets. Nevertheless, wires can be grown at very high growth rates (~1000 nm-min-1) at low 
sputtering powers (< 40 W). This is in parts due to reactive compound formation, but also due to 
a large droplet to wire radius ratio, i.e. the area receiving the reactants is large compared to the 
area over which the wires are emitted. 
 
The peculiar growth of stranded wires is explained by the action of the three interfacial 
energies that balance each other at the three-phase line. A large interfacial energy between solid 
and liquid phase causes the droplet-nanowire system to minimize this particular interface. To 
confirm this, a generalized force balance is developed with an analytic expression, and applied to 
the indium/silica system. The analysis also reveals the presence of an important line tension and 
its force in this and two other materials systems. This force stabilizes growth and relaxes some of 
the geometric constraints that would otherwise prevent nanowire formation.  
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The stranded structure of the oxide nanowires exhibits an unusual property due to its 
large internal surface area: It renders the nanowires extremely sensitive towards ion irradiation. 
Localized deformation of the stranded wires during bombardment causes the wires to bend 
toward a source of energetic ion irradiation. Controlled bending and reorientation of arrays of 
nanowires is thus possible and is demonstrated using standard focused ion beam instrumentation. 
The responsiveness of the nanowires toward ion bombardment is also the reason for their 
alignment during growth. A model is developed to describe and predict the wires’ bending 
behavior. 
 
Aligned, reoriented and angled silicon oxide nanowires can serve as scaffolds for 
composite nanostructured thin films. Modification via ion bombardment is found to be a very 
powerful tool for this. Fabrication of highly textured electrodes as positive and negative anodes 
also shows that a wide range of electrochemically active materials can be applied onto the 
nanowire arrays. Highly textured electrodes are fabricated here to specifically probe the 
influence of the electrolyte-electrode surface area during repeated lithiation and delithiation.  
 
 
 
6.2 Outlook 
 
 
This work can be continued on many different levels. For future research in this area, I suggest 
the following: 
 
1) The number of materials systems considered here for nanowire growth is small. 
Nevertheless, the influence of line tension or the observed radiation-responsiveness 
should also be characteristic to some other droplet-nanowire systems, if the appropriate 
conditions are met, such as a large negative free energy of formation. Finding such 
materials combinations and exploiting their characteristics could open up tremendous 
opportunities for a range of nanotechnologies. 
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2) The previous note points to another potential route for future research. Although VLS 
growth is mostly used to synthesize crystalline semiconductor wires, my findings here 
suggest that VLS type growth ought to be possible for a wide range of materials. This is, 
on one hand, demonstrated by the quite unusual growth of silica wires. On the other hand, 
this is supported by the developed theory which suggests that stable wire growth is 
possible for a large range of surface energy combinations, despite some potentially 
unrelaxed geometric constraints near the small wire limit. A proof of that would certainly 
be fascinating. 
3) My findings further suggest that systems with a large droplet to wire ratio may be 
particularly suited to study the effects of the line tension. Experimental verification of its 
magnitude and even its presence is still subject of an ongoing discussion. Controlled 
tailoring of the droplet-wire geometry through e.g. materials selection and modification 
may provide some new insights about the nature of the line tension at a three-phase line. 
4) Liquid droplets serve as growth mediators and shields against energetic ion 
bombardment. In particular, the latter function of the droplets could be exploited to grow 
or etch nanostructure arrays of a range of elemental and compound materials.  
5) I also have shown fabrication of angled nanowire arrays. Exploitation of angled wire 
arrays and their anisotropic optical properties may prove to be extremely useful for 
optical elements and devices. 
6) The here developed schemes for textured thin electrodes for Li-ion batteries may also be 
beneficial for advancement of solid-state batteries which have an inherently low areal 
capacity. Texturing may thus prove to be a powerful path to boost the capacity of thin 
film batteries. 
7) To further improve the performance of textured electrodes, it is crucial to carefully 
identify and effectively eliminate factors that contribute to performance losses during 
cycling. For instance, excessive SEI formation may be reduced by using different 
electrolytes, or capacity fade observed in LMO-containing cells may be prevented by an 
appropriate surface coating for the positive electrode surface.  
 
